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Л. В. Осипов1,a, М. Б. Долгушин2,b, А. И. Михайлов2,b, Б. Эпель3,c, К. А. Румянцев4,5,d, К. К. Туроверов4,d, В. В. Верхуша5,d, 
Е. Ю. Куликова6

Заглянуть в человека: визуализация в медицине

Looking inside man: medical imaging

Медицина развивается стремительно: разрабатываются новые более эффективные препараты, предлагаются все 
менее травматичные способы оперативных вмешательств, а для замещения тканей и органов используются искус-
ственные материалы и управляемые протезы. Однако по-прежнему успех лечения во многом определяется своев-
ременным и точным диагностированием заболевания, а также адекватным мониторингом эффективности терапии. 
Эти задачи решают с применением различных технологий визуализации. Многие ассоциируют их с представлением 
анатомических структур тела, но в действительности гораздо чаще они позволяют определить функциональное со-
стояние тканей и органов. Разнообразие технологий визуализации велико, и описать их все в одной работе не пред-
ставляется возможным, поэтому для настоящего обзора были выбраны наиболее распространенные и интересные 
из них: ультразвуковые и томографические технологии, прижизненная оксиметрия и флуоресцентная визуализация.

The rapid progress of medical sciences has brought about novel effective medications, new techniques that make surgery less 
traumatic, artificial materials that serve to replace tissues and organs, and robotic prostheses. Still, treatment success is largely 
a question of timely and accurate diagnosis and proper patient monitoring. Here, various imaging techniques come in handy. 
Those are often thought of as tools for anatomy visualization, but in fact, they are often highly effective for the assessment of 
the functional state of organs and tissues. Imaging techniques are so diverse that it is impossible to cover them all in one review. 
Therefore, we have decided to touch upon the most common and interesting ones, such as ultrasound imaging, tomography, 
oximetry and fluorescence imaging.

Ключевые слова: ультразвуковая визуализация, компьютерная томография, магнитно-резонансная томография, 
позитронно-эмиссионная томография, оксиметрия in vivo, флуоресцентная визуализация in vivo

Keywords: ultrasound imaging, computed tomography, magnetic resonance imaging, positron emission tomography, 
oximetry in vivo, fluorescence imaging in vivo
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обзор     ВИЗУАЛИЗАЦИЯ В МЕДИЦИНЕ

Ultrasound imaging

Ultrasound imaging (USI) is one of the most popular medical 
imaging techniques. Among the basic operating modes 
of ultrasound scanners are a two-dimensional B-mode for 
obtaining grayscale images and various Doppler modes. The 
latter include a spectral Doppler for blood flow measurements 
and a two-dimensional color flow mapping that provides 
information on the hemodynamics in vessels and the 
heart. Tissue Doppler is used for monitoring moving heart 
structures (the left ventricle, in the first place). In certain areas 
of application, ultrasound imaging in B-mode may seem less 
informative, compared to other visualization techniques, but 
Doppler scans have a huge advantage here, as they allow 
obtaining information in real time. 

 The basic ultrasound modes are constantly evolving. For 
better visualization of malignant tumors and other blastomas, 
B-mode elastography is being gradually introduced into clinical 
practice. It maps tissue stiffness in the scanned area for further 
comparison. There are two approaches to stiffness evaluation. 
The first one is compression-based; a compressive force is 
applied to the scanned area (such as breasts or the prostate 
gland), and ultrasound images before and after compression 
are compared. The second technique makes use of shear 
waves generated after slight tissue compression or by a 
pushing acoustic pulse in a prescribed direction [1, 2]. Both 
approaches have their own advantages, and premium-class 
ultrasound machines support both of these modes. 

A major drawback of Doppler techniques is that they 
are angle-dependent, which may cause artifacts and hinder 
interpretation of blood flow and cardiac motion images. To 
overcome this limitation, new methods are being actively 
developed. For example, a vector image of blood flow in the 
heart was successfully obtained using complex processing 
algorithms for Doppler scans of blood flow and left ventricular 
wall movements. 

Non-Doppler imaging is also evolving, including a B-flow 
technique and speckle-tracking echocardiograpy. The former 
is used for blood flow visualization and detection of plaques in 
blood vessels, while the latter assists in analyzing the motion of 
heart tissues [1].

Transducers for ultrasound scanners

High image quality is extremely important in USI, especially 
when studying deep tissues or working with complicated 
cases. Surveys of European ultrasonographers have revealed 
that most of them are not satisfied with the image quality of 
their scanners [3]. Here, development of novel transducers for 
ultrasound scanners can be a solution. 

Matrix arrays are becoming increasingly popular. Unlike 
conventional transducers that make use of a one-dimensional 
array of piezoelectric elements, whose number n varies from 
64 to 256, matrix transducers have a two-dimensional array 
of n x m active elements. They allow for controlled focusing 
during transmission and continuous focusing during reception 
in both the scan plane and the one perpendicular to it, thus 
forming a narrow beam of transmitted pulses and condensed 
diagram for received echoes from all scanned depths and 
improving contrast resolution. High 3D scanning rate and a 
capability to produce 4D images (3D in real time) by generating 
several acoustic beams at a time are crucial for full matrix 
array transducers [1]. The resulting volumetric images can be 
further used by cardiologists, gynecologists, obstetricians and 
surgeons.

Another promising approach to transducer manufacturing 
makes use of monocrystal transducers in which piezoceramics 
is replaced with artificial crystals; they exhibit better performance 
and allow for deeper scanning and higher resolution.

Micro-electro-mechanical systems (MEMS) are a 
conceptually different basis for transducer manufacturing. For 
example, piezoelectric micromachined ultrasound transducers 
(pMUT) contain tiny matrix arrays of miniature elements and can 
be used for transesophageal echocardiography; microsized 
matrix arrays find their application in high-frequency catheter 
probes designed to obtain volumetric images of internal heart 
structures. Another method (Capacitive micro-fabricated 
ultrasound transducers, сMUT) makes use of capacitive 
elements with a flexible membrane that improve transducer 
sensitivity and resolution [4].

Transmit and receive units

A key requirement for modern ultrasound scanners is a wide 
bandwidth of transmit/receive frequencies that allows for 
short pulses and, subsequently, a higher resolution in B-mode 
and color Doppler modes. But as the frequency increases, 
the tissues attenuate the signal more and the imaging depth 
decreases. The problem could be solved by increasing pulse 
energy, but it is not safe. To overcome this limitation, “complex” 
signals can be used, such as encoded pulse sequences. 
They are long and allow for larger scan depth in case of high-
frequency probes; owing to the compression algorithm, high 
resolution capacity is retained.

Multi-angle imaging is increasingly used in high-class 
scanning systems that repeatedly scan one particular area 
at changing beam angles. Then, the obtained images are 
summed up for better contrast resolution, more accurate 
tissue differentiation and clearer visualization of organ borders. 
Obviously, the frame rate does not benefit here and decreases 
by the number of projections used.

Adaptive modes and automated measurements

The variety of operating modes and settings available for 
ultrasound imaging is unsurpassed. Clinicians are looking 
forward to ultrasound machines that would be easy to operate, 
especially paramedics and general practitioners who use this 
imaging technique for bedside testing (the so-called point-of-
care applications). Manufacturers offer different preset modes 
in which settings are selected automatically depending on a 
diagnostic task or a scanned organ. Ultrasound machines 
can automatically select continuous focusing in the reception 
mode and frequency depending on the scan depth, maintain 
the same level of mappable maximum echo intensity at various 
depths, evaluate some important diagnostic parameters and 
subsequently compute diagnostic indices, measure intima-
media thickness, etc.  

A good example of an adaptive mode that considerably 
improves image quality is automated evaluation of sound 
propagation speed in the scanned area used later for image 
formation. Unlike focusing in the reception mode, continuous 
focusing in the transmission mode is normally impossible. 
Synthetic aperture ultrasound is an advanced technique that 
allows for dynamic focusing at transmission and forms an 
image after the incoming data are postprocessed [1]. The 
synthetic aperture technique provides higher image resolution 
without reducing the frame rate. 

Automated measurements and computations make the 
work of the ultrasonographer much easier and are already 



Bulletin of RSMU | 4, 2016 | VESTNIKRGMU.RU6

REVIEW    MEDICAL IMAGING

employed in cardiology, angiology, obstetrics, urology and 
other medical fields. However, they demand exceptional 
image quality. Most often, high contrast resolution and 
distinct contours are a must for accurate measurements. 
For example, special radiofrequency techniques are used for 
fine measurements of arterial diameter changes to assess 
vascular elasticity and evaluate intima-media thickness, which 
is important in monitoring atherosclerosis progression.

 

Tomography

Discovered in 1895, X-radiation was long a basis for all 
radiology techniques and is still used for obtaining planar 
images in roentgenography, mammography and fluoroscopy. 
The next evolutionary step in the development of medical 
imaging was tomography, a method based on obtaining 
cross-sectional images of internal structures of the scanned 
object by simultaneous translation of the X-ray tube and the 
plate (detector). The image quality remained poor until Godfrey 
Hounsfield and Allan Cormack invented computed tomography 
in 1969–1971. A combination of computer technologies and 
the X-ray left the planar images far behind. 

Computed tomography

Computed tomography (CT) is a noninvasive technique 
for cross-sectional imaging based on the measurement of 
X-ray attenuation in tissues of various densities and complex 
mathematical (computer) processing of the collected data. 
CT is currently the most common tomography technique for 
human body scanning. 

The evolution of CT is connected with the increasing 
number of detectors and simultaneously captured projections, 
that makes the procedure faster and expands scanning area 
per rotation. Early scanners utilized a step-by-step principle 
with one rotation of the X-ray tube per slice and a single X-ray 
tube interacting with one (first generation scanners; processing 
time of 4 minutes per slice) or several (second generation 
scanners; processing time of 20 seconds per slice) detectors 
[1]. Then, helical computed tomography was introduced 
(HCT; third generation scanners): the tube and the detectors 
simultaneously completed one clockwise rotation per table 
increment making the scanning procedure shorter. Further 
increase in the number of detectors and superimposition of 
layers substantially reduces imaging time and improves quality 
of reconstructed images [5].

Fourth generation scanners (multislice spiral computed 
tomography (MSCT) have several rows of stationary detectors 
attached to a ring (gantry). The X-ray tube rotates at high speed 
(up to 0.33 seconds per rotation) sending out a modified-
shape beam to the multiple detector rows (up to 320 detector 
rows can simultaneously capture multiple cross-sections). 
Widely used premium-class scanners have 64 or 128 rows of 
detectors, while standard scanners used in clinical routine have 
16 to 32 detector rows. After manufacturers stopped the “who 
can install more detectors” race, they turned to improving the 
techniques for image reconstruction, which determined further 
MSCT evolution. Unlike SCT, MSCT is capable of generating 
isotropic images of submillimeter-thick sections (0.5 mm) and 
retaining their quality during the subsequent reconstruction in 
different planes and correction of density data. This inspired 
the development of virtual endoscopy techniques, such as 
virtual colonography and bronchoscopy, that provide for highly 

accurate endoscopic images and can be used to perform 
virtual intravascular endoscopy, given that improved data 
postprocessing techniques are available [6].

Owing to higher scan rates, we can now assess the 
accumulation dynamics of radiographic contrast agents using 
higher spatial resolution. CT-angiography is almost in no way 
inferior to a direct angiographic examination, but in contrast 
to it, is noninvasive. Today, it is not only a routine technique 
for the evaluation of various blood flow defects (stenosis, 
aneurisms, total occlusions), but also a tool for the detection of 
vessel wall abnormalities (atherosclerotic plaques) where direct 
angiography is not an option. Using modern reconstruction 
techniques, we can obtain high-quality images at low absorbed 
radiation doses [7]. 

CT-perfusion makes use of tissue density measurements 
after intravenous administration of a radiographic contrast 
agent. The incoming data are mathematically processed and 
a number of blood flow parameters are calculated, the major 
being velocity, volume and time. Several methods can be 
applied to analyze a time-dependent profile of contrast agent 
concentration and evaluate tissue hemodynamics. A variety of 
obtained hemodynamic characteristics serve to differentiate 
between benign and malignant tumors, detect iatrogenic 
changes, grade tumor malignancy and estimate the extent of 
organ damage in patients with blood circulation disorders [8].

Of particular interest is dual energy CT that employs two 
X-ray sources, as its name implies. For heart scans (the heart 
is an object in motion), acquisition time is very short and must 
be synchronized with the cardiac rhythm. In MSCT, the minimal 
time required to collect all data from a non-moving slice (tube 
rotation time of 0.33 seconds) is 173 seconds, which means 
that tube half-turn provides for a sufficient temporal resolution 
in patients with normal heart beat (65-80 beats per second). 
However, patients with cardiac pathology often have elevated 
heart rates and are arrhythmic. Two X-ray tubes positioned at a 
90° angle ensure a 83-second temporal resolution, which is a 
quarter of the tube full turn. Thus, obtaining high-quality images 
of the heart becomes possible even in patients with elevated 
heart rates [9].

Dual energy scanners have another important advantage: 
each tube can switch between different voltages and currents. 
Coupled with complex computations, such design ensures 
a better differentiation between tissues with similar densities, 
reduces the number of artifacts caused by nearby objects of 
various densities (improves quality of angiographic images and 
visualization of vascular flow and neoplasms located close to 
bones or metal implants), and allows for contrast enhancement 
quantification without native imaging. Tissues absorb radiation 
differently in the presence of iodinated contrast agents, which 
explains the effects listed above, while absorption properties of 
hydroxyapatites (a bone mineral) and metals do not change [10]. 

There are methods of computer data processing that can 
determine content of various salts in the scanned area by 
measuring changes in its absorption properties at different 
energy levels. They have already found their application 
in clinical routine, e.g., in the diagnosis of gout based on 
determining monosodium urate depositions [11].

Magnetic resonance imaging

Magnetic resonance imaging (MRI) is s a technique that 
uses the phenomenon of nuclear magnetic resonance for 
visualization of internal organs and tissues. The method 
is based on measuring the atomic nuclei electromagnetic 
response (hydrogen nuclei in most cases) excited by various 
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combinations of electromagnetic waves in a static magnetic 
field (0.5–3.0 Tesla) [12, 13].

MRI was initially used for brain scans (it is still the “gold 
standard” in neuroimaging) and was later employed to 
visualize other body regions. Advances in virtual coil emulation 
methods that use individual elements of surface coils allowed 
for automatic expansion of scanning areas to larger anatomic 
regions, including the whole body. In case of a whole-body 
MRI, a moving table and built-in receiver coils makes manual 
repositioning of the patient unnecessary [13]. 

Unlike CT, MRI does not expose patients to ionizing radiation 
and provides higher resolution for soft tissue scans, one of 
the reasons being its ability to suppress a signal from some 
tissue types. Organ-specific magnetic resonance contrast 
agents (gadoxetic acid for liver scans or superparamagnetic 
iron oxide nanoparticles for lymph node imaging) make MRI 
a “molecular”-oriented imaging technique, just like positron 
emission tomography (PET) [12, 13].

Diffusion-weighted imaging (DWI) is a form of MRI based 
on recording mobility (the area a particle covers per unit time) 
of protons labeled with radiofrequency pulses. This method 
allows for a semiquantitative evaluation of random Brownian 
motion (temperature-dependent migration) of water molecules 
in the body. Using DWI, we can assess the integrity of cell 
membranes and the intercellular matrix. DWI has found its 
application in the diagnosis of acute cerebral ischemias, such 
as acute and peracute stroke, where a CT scan is not an 
option. DWI is extensively used for the differential diagnosis 
of brain tumors and demyelinating diseases; whole-body DWI 
is a highly effective and sensitive method of cancer staging 
and a good screening technique for individuals at high risk for 
cancer or its relapse (combined with PET-CT, DWI reduces the 
radiation dose a patient is exposed to) [14].

DWI has also found its application in tractography. By 
measuring diffusion tensor, we can calculate its direction; then, 
upon collecting data on the geometric structure of tissues, 
we can understand in which direction large bundles of nerve 
and muscle fibers run. This information is valuable if a surgical 
treatment of brain and spinal cord tumors is planned or possible 
neurological risks must be assessed [15].

Magnetic resonance spectroscopy (MRS) is a technique 
that provides information on tissue biochemistry by measuring 
concentrations of different metabolites. For MRS, any nucleus 
with an odd atomic number can be used, though the best 
signal is generated by hydrogen nuclei. The technique was first 
suggested in the 1970s, but its evolution was long inhibited 
by the lack of adequate equipment [16]. Since MRS has strict 
requirements for field heterogeneity and is highly sensitive to 
organ motion, it is mostly used for brain and prostate gland 
scans. It is known that metabolic imbalances in tissues occur 
prior to clinical manifestations of the disease; because of 
that, MRS data can assist in the early diagnosis [17]. Owing 
to improved data processing algorithms, it is now possible 
to convert standard spectroscopy data to metabolic maps of 
large brain regions [18].

Magnetic resonance angiography (MRA) is used to visualize 
blood vessels anatomy and assess functional specifics of 
blood circulation. This technique is based on differentiating 
between signals from moving blood protons and static 
surrounding tissues. MRA allows obtaining vessel images 
without administering contrast agents to the patient [19].

A relatively new technique for the assessment of 
hemodynamics and perfusion of brain matter is perfusion 
MRI. It is more beneficial than CT-perfusion as it does not use 
X-radiation and does not need contrast agents for enhanced 

images, which is very important when performing scans on 
children [8, 20].

Functional MRI (fMRI) is a technique for mapping cortical 
activity of the brain; it can be used to examine individual 
anatomy/features of a patient’s brain and image regions 
responsible for motion, vision, speech, memory and other high 
cortical functions. This technique registers increased blood 
flow in activated cortex areas [21].

Imaging capacities of modern MR scanners have offered a 
perfect solution to the problem of brain anatomy visualization 
(including blood and cerebrospinal fluid flow) and to some 
extent now assist in the assessment of brain functional state. 

Positron emission tomography

PET was first introduced into clinical practice more than 30 years 
ago and was primarily used in neurology and cardiology. Since 
the 2000s, it has been in increasing demand in oncology: over 
90 % of all PET scans are performed on cancer patients [22]. 

The physical principle behind this technique is registration 
of emission from a radiopharmaceutical (RF) accumulated 
in tissues. Healthy and pathologic tissues accumulate RFs 
differently depending (though not exclusively) on their functional 
state. The most common RF is 18F-fluorodeoxyglucose 
(18F-FDG) [22]. A combination of radionuclide technologies and 
tomography (PET-CT, PET-MRI) improves spatial visualization 
of anatomic structures and yields a wealth of information on 
tumor metabolism, thus solving a number of medical tasks. 
Those include early detection of disease progression or the 
spread of neoplasms, assessment of tumor response to 
treatment, differentiation between malignant and benign tumors 
and non-neoplastic lesions [23]. Figure 1 shows contribution 
of various imaging methods to the diagnosis of non-Hodgkin 
lymphoma [24].

18F-FDG PET has proved to be highly effective in the 
diagnosis of lung, esophageal and colorectal cancers, 
head and neck tumors. An 18F-FDG PET-CT scan is a “gold 
standard” in the diagnosis of melanoma and lymphomas and in 
screening for occult primary lesions in patients with metastatic 
cancer. Ordering an 18F-FDG PET scan for patients with well- 
differentiated breast cancer (BC), thyroid, pancreatic, ovarian or 
testicular cancers and sarcomas is disputable [20]. In case of 
kidney, prostate or bladder cancer, hepatocellular carcinomas 
and neuroendocrine or brain tumors, 18F-FDG PET is not quite 
informative, which can be compensated for by using other RFs. 
We are providing some examples below. 

In case of brain tumors, the most commonly used 
radiotracers are those with negligible accumulation in the 
intact brain matter that reflect amino acid metabolism. The 
most popular RF is 11С-methionine; it exhibits an almost 90% 
specificity in the diagnosis of intracranial tumors. 18F-fluoroethyl-
tyrosine is a next-generation radiotracer with a longer half-life; 
therefore, it can be used for a wider range of tasks. 18F-thymidine 
reflects the dynamics of DNA assembly and helps to assess 
cell proliferation in tumors treated with  anticancer drugs. A very 
interesting formulation is 11С-sodium butyrate, a fatty amino 
acid with unique properties that allows for the assessment of 
both tumor hemodynamics (the extent of vascularization) and 
its metabolism [25]. Choline-containing agents labeled with 
11С or 18F provide information on the formation of membrane 
complexes (phospholipids) and acetylcholine receptors. It is 
known that fast renewal and formation of cell membranes are 
typical for rapidly growing malignant tumors, and the pattern of 
RF accumulation can reflect this process [26].
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Fig. 1. Non-Hodgkin lymphoma spread to the bone marrow. Computed tomography in the bone window (A) detects paravertebral tumor masses, but does not see 
lesion-infiltrated vertebrae, while magnetic resonance imaging (C) can detect these lesions (shown by arrows) confirmed by hybrid technologies: PET-CT (B) and 
18F-fluorodeoxyglucose-enhanced PET-MRI (D). Thus, MRI is more sensitive in the diagnosis of bone marrow lesions and detects the first signs of bone destruction and 
plasma cell infiltrates before osteoclast hyperstimulation can be observed (Buchender et al. [24])
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When ordered for patients with breast cancer, PET does 
not play a role of the initial diagnostic procedure, but is used 
to assess biological activity of the initial neoplasm, detect 
regional and distant metastases and local recurrences and 
estimate treatment efficacy; for these purposes, PET is 
normally enhanced with 18F-FDG [27]. However, some BC 
types are better detected with 18F-fluoroestradiol that has 
affinity to estrogen receptors. Another RF, 18F-Galacto-RGD, 
helps to visualize invasive ductal carcinomas and is used when 
a planned treatment includes angiogenesis inhibitors [28].

As a prostate cancer diagnostic tool, 18F-FDG PET-CT 
exhibits limited efficacy, because 18F-FDG is accumulated in 
the benign hyperplastic tissue of the gland. 18F-choline and 
11С-choline that have become quite popular over the past few 
years are used instead. A PET-CT scan enhanced with choline-
containing agents serves to detect cancer recurrences after 
radiation therapy, brachytherapy and prostatectomy (in case of 
a biochemical recurrence), as these treatments can seriously 
affect MRI results [29]. PET-CT is effective for verifying the 
diagnosis of regional prostate cancer and detecting metastases 
in regional lymph nodes. To detect distant metastases (bone 
metastases in particular), a number of examinations are normally 
carried out, including the whole body MRI, bone scintigraphy, 
liver ultrasound scanning and some others; conveniently, PET-
CT  can replace all of them [30]. Choline-containing radiotracers 
are not the only RFs assisting in prostate cancer diagnosing. 
Another novel PET tracer is 18F-fluoro-dihydrotestosterone 
(FDHT). 18F-FDHT PET rely on the increased expression of 
androgen receptors typical for both cancer and normal cells of 
the prostate gland [31]; therefore, it would be a better option 
to use FDHT for treatment monitoring but not for diagnosing 
primary prostate cancer. 68Ga-PSMA is a radiotracer derived 
from a prostate-specific membrane antigen. It is highly 
specific and can be used if treatment with radioactive Y-90- or 
Lu-177-PSMA is planned [32].

Sensitivity of 18F-FDG PET is too low to diagnose 
neuroendocrine tumors of various localization. Here, other 
RFs are employed: 18F-luoro-L-dihydroxyphenylalanine, 
11С-hydroxy-L-tryptophan and somatostatin receptor ligands 
labeled with 68Ga (68Ga-DOTA-TOC, 68Ga-DOTA-NOC, 68Ga-
DOTA-TATE) [33]. Comparative efficacy studies of scintigraphy 
and PET enhanced with similar peptides demonstrate high 

sensitivity and specificity of the latter, while a combination of 
PET and CT makes the procedure more informative [34].

If there is a suspicion of bone metastases, 18F-NaF 
(sodium fluoride) can be used for PET-CT instead of 18F-FDG. 
Its diagnostic value is similar to that of 99mTc-exametazime 
used for SPECT. A significant advantage of 18F-NaF-PET-CT 
over bone scintigraphy is a lower radiation dose and higher 
spatial resolution, makes it possible to detect even the smallest 
metastases in the bones [35].

EPR oximetry in spectroscopy mode in vivo
 
Electron paramagnetic resonance (EPR) imaging is a rapidly 
evolving technique for visualization of spatial distribution 
of paramagnetic centers (PCs), molecules with unpaired 
electrons, spin labels and spin probes (SPs), and exploration of 
their kinetic properties, spectral parameters and relaxivity. EPR 
imaging is similar to magnetic resonance imaging; however, it 
has its own unique features [36]. For example, EPR imaging 
makes use of a 658 times weaker magnetic field, which 
eliminates the need for expensive superconducting magnets. 
Spatial distribution of PCs is detected using a linear magnetic 
field gradient G superimposed on the static magnetic field B0. 
An additional magnetic field applied to PCs allows encoding 
their position.

High concentrations of PCs are rarely found in nature; 
therefore, EPR imaging employs various spin probes to obtain 
images. Depending on the problem PCs are synthesized for, 
they can be sensitive to various chemical and physical factors: 
viscosity, temperature, pH, redox potential and pO2 partial 
pressure. PCs are administered intravenously or intra-arterially; 
in some cases, such as in monitoring malignant tumors, they 
are injected straight into the area of interest. Probes easily enter 
the intercellular volume and are cleared from the body in 10–50 
minutes [37].

Oximetry is a major application area for modern EPR 
imaging. Molecular oxygen is essential for maintaining cellular 
balance. To function normally, tissues need adequate oxygen 
supply. Based on O2 levels, a wide variety of conditions can be 
diagnosed. When dealing with cancers, it is important to know 
spatial distribution of oxygen in the tumor, because рО2 levels 
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largely determine tumor sensitivity to radiation or chemotherapy 
[38, 39]. Development of more accurate methods for рО2 
visualization in tissues can greatly widen the range of the 
targeted treatment applications in biology and medicine [40]. 

Recent advances in EPR oxymetry are linked to the use 
of triarylmethyl radicals as spin probes with narrow EPR lines, 
which contributes to the improvement of the image spatial 
resolution (0.5–1.0 mm) [41]. The SP rates of longitudinal (spin-
lattice) and transverse relaxation are linearly dependent on рО2 
and allow detecting рО2 levels with a 1 mmHg precision. The 
major drawback of this technique is that it requires SPs that 
have not yet been approved for clinical use.

To demonstrate practical application of EPR oximetry, we 
are providing the results of a study by Epel et al. [42] below. It 
was a preclinical study of oxygen-guided spatially modulated 
radiation therapy of tumors. The experiment was carried out on 
mice with a grown fibrosarcoma. The idea behind the study was 
as follows: lethal radiation dose for well-oxygenated malignant 
tissues is 3 times lower than for tissues with < 10 mmHg pO2, 
therefore radiation dosage for different tumor regions can be 
varied. The radiation plan was delivered in two steps. First, 
30 % tumor control dose (TCD30) was delivered to the whole 
tumor. This dose is sufficient to kill well-oxygenated tumor cells 
with 99 % probability. Then, an additional dose boost was 
delivered to hypoxic tumor regions resistant to radiation. The 
cumulative radiation dose for these regions was comparable 
to TCD98. The second step required submillimeter precision 
of radiation delivery. In this study, treatment was delivered 
using a novel animal radiation therapy system (XRAD225Cx 
micro-CT/radiation therapy delivery system) and a set of 
5 beams projecting at different angles. The beams were shaped 
using tungsten-infused plastic blocks printed on a 3D printer. 
Figure 2 shows stages of their fabrication based on EPR imaging 
data. Beam calculations take only 30 minutes after EPR data 
have been obtained. Time between EPR measurements and 
radiation therapy onset is critical here, as tissue oxygenation 
levels can change. Preliminary studies have demonstrated high 
efficacy of this technique. 

Last year, National Institutes of Health, USA, funded pioneer 
clinical trials in which EPR oximetry in spectroscopy mode was 
used to predict radiation treatment efficacy. The success of the 
project and the inspiring results of our work have paved the 
way for the introduction of this technique into clinical practice. 
An EPR imager is a simple device and can be easily integrated 
into standard irradiators for better cancer treatment.

Fluorescence imaging

Fluorescence imaging is a universal technique for the analysis 
of various biological systems, from single molecules to whole 
organisms. Over the past two decades, the use of GFP-like 
fluorescent proteins (FPs) has made it possible to image 
dynamic processes inside cells and subsequently advanced 
the development of novel microscopy techniques. Currently, 
researchers are focusing on the development of genetically 
encoded optical biomarkers with near-infrared (NIR) light 
absorption and emission spectra in the so called 650–900 
nm “optical window” of living tissues, where light is no longer 
absorbed by the hemoglobin of red blood cells and skin 
melanin, and is not yet absorbed by water molecules. Such 
properties are important for noninvasive imaging of dynamic 
processes occurring in deep tissues of mammals. Novel 
fluorescent biomarkers can find their application in basic 
research in biology and medicine, since they can replace X-ray 
in certain cases. However, attempts to obtain GFP-like FPs that 

would satisfy the spectral requirements described above have 
so far been unsuccessful. 

The use of bacterial phytochrome complexes with biliverdin 
(BV, a product of heme catabolism present in animal and 
human tissues) as fluorescent biomarkers has proved to be 
the solution. Over the last few years, a number of bacterial 
phytochrome-based NIR FPs have been obtained capable 
of permanent fluorescence, photoactivation or split-system 
formation [43–48].

Specifically, NIR FPs of the iRFP family allowed for 
the visualization of small tumors during early stages and 
investigation of their growth and metastasis in model organisms 
[43, 49]. iRFP713 was successfully used for monitoring tumors 
located in deep organs, such as liver, prostate gland, brain, 
and intraosseous tumors [50]. Fluorescence imaging combined 
with computed tomography was used to observe inflammatory 
breast cancer progression and formation of its metastases 
in lymph nodes [51] and to detect migration pathways of 
melanoma cells [50].

NIR FPs have a great potential as biomarkers for preclinical 
studies of anticancer drugs and for visualization of tumor 
regression and recurrence upon treatment [52].

The ability to image labeled cells across the whole body 
of an animal makes NIR FPs promising biomarkers for stem 
cell research. Labeling cardiac progenitor cells with iRFP713 
protein allowed for the visualization of myocardial repair in 
ischemic mice [53]. The ability of transplanted iRFP713-labeled 
bone marrow cells to restore haematopoiesis in X-ray irradiated 
mice was also shown [54]. 

Zero cytotoxicity of iRFP proteins encourages their use 
for labeling of not only individual cell lines or organs, but the 
whole organisms. Recently, a line of transgenic mice has been 
obtained with high expression of iRFP713 protein in all tissues 
and organs, including brain, heart, lungs, liver, kidneys, spleen, 
pancreas, thymus, bone and adipose tissue [54]. iRFP713 
expression in the primary culture of hippocampal and retinal 
neurons of mice helped to visualize neurons and characterize 
their metabolism [55].

NIR FPs ability to effectively bind endogenous BV in 
protozoa is instrumental in testing novel antiparasitic drugs ex 
vivo and in vivo during preclinical studies. iRFP713-expressing 
cells of several Leishmania species were successfully used for 
the selection of potentially effective antiparasitic drugs, and for 
a several week observation of infection progression in mice [56].

Spectrally different NIR FPs allow for simultaneous 
observations of several tissues and organs in model organisms. 
The use of a pair of biomarkers of the iRFP family (iRFP670 
and iRFP720) in a living mouse allowed for the simultaneous 
visualization of two closely located tumors labeled with different 
biomarkers [43]. An example of such imaging technique is 
shown in fig. 3. Owing to mathematical algorithms for image 
processing incorporated into modern microscopes and 
bioimaging systems, up to 5 spectrally different NIR FPs can 
be used simultaneously [43].

Photoactivated NIR FPs (PAiRFPs) have an advantage 
of ensuring highly sensitive bioimaging against strong 
autofluorescence background in tissues. To obtain images 
with high contrast ratio, a differential method is applied: a 
background signal is subtracted by comparing object’s images 
before and after PAiRFP photoactivation in tissue cells. Since 
PAiRFPs can be photoactivated, they are also used for selective 
photolabeling and short-term observations of the dynamics of 
groups of cells in vivo [46]. 

To study protein-protein interaction in cell cultures and living 
organisms, a novel iSplit NIR-sensor was developed whose 
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Fig. 2. Fabrication of blocks for targeted irradiation of a malignant tumor 
based on oxygen distribution in the tissue. (A) Slice of 3D image of pO2 

levels in different regions of mouse fibrosarcoma; a projection of tumor area 
selected for irradiation is outlined in magenta. (B) Computer model of the 
irradiation block. (C) Irradiation block printed on 3D printer (Epel et al. [42])
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fluorescence is induced by interaction of complementary 
components, which drives the assembly of functional NIR FPs. 
Despite the irreversibility of complementation, iSplit can reflect 
the dynamics of rare recurring protein interactions due to a 
relatively rapid degradation of assembled complexes [47]. The 
advantage of another NIR split-sensor of protein interaction, 
IFP PCA, is reversibility of complementation. Its use allowed 
for the exploration of the interaction of several pairs of proteins 
in yeast and animal cells [57]. However, IFP PCA brightness in 
animal cells is an order of magnitude lower than that of iSplit, 
which requires the addition or injection of an extra amount of BV.

CONCLUSION

The variety of medical imaging techniques is impressive. 
Moreover, one and the same technique can enjoy multiple 
applications. However, all of them are designed to image 
the functional state of tissues and organs in the first place, 
facilitating the choice of the best treatment or allowing for the 
assessment of its efficacy.

In ultrasound imaging, high image quality is crucial and is an 
evolution vector for modern ultrasound scanners. Volumetric 
images (3D and 4D) have not yet enjoyed their widest 
application in the clinical setting. Their efficacy has not been 
proved yet, there are certain limitations to their use in some 
branches of medical science; clinicians often fail to interpret 
their results, and many clinics just do not have the appropriate 
state-of-art equipment. However, some clinicians believe that 
future belongs to volumetric images [58]. Another trend in US 
technologies is an increasing use of portable point-of-care US-
scanners [58].

CT is evolving in the direction of more effective techniques 
for image reconstruction. New radiopharmaceuticals for PET 
and MRI enhancement are regularly tested. We might expect 
a boom of PET-MRI studies in the nearest future: combined 
modalities were introduced just a few years ago following the 
development of novel probes in 2010. PET-MRI provides for 
a better examination accuracy and a lower radiation dose 
a patient is exposed to [59]. Integrated PET-MRI can yield 
interesting results in the assessment of brain functions when 
enhanced with a combination of different radiotracers and used 
with specialized MRI protocols [60].

Oximetry in vivo is used in various areas of medical 
research, but its potential is most likely to be fully realized in 
measuring oxygen levels in malignant tumors for elaborating 
the best radiation therapy plan. Its clinical efficacy is expected 
to be proved in the next few years.

Studies that employed bacterial phytochrome-based NIR 
FPs demonstrate a high potential of these optical biomarkers 
for noninvasive bioimaging in vivo and suggest they could be 
used in preclinical trials [57, 61, 62].

Fig. 3.  Diffusion fluorescence image of a live mouse with a transplanted tumor 
and adenoviral infection in the liver. Tumor cells express iRFP670 protein, liver 
cells express iRFP713 protein. The liver and the tumor are shown in green and 
red pseudocolors, respectively (Scherbakova, Verkhusha, [43])
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Флуоресцентная визуализация изменений актинового 
цитоскелета в опухолевых клетках под воздействием 
химиотерапевтических агентов

Fluorescence imaging of actin cytoskeleton changes 
in cancer cells upon chemotherapy 

Structural organization of actin and actin-binding proteins can be a hallmark of aggressiveness among various populations of 
solid tumor cells. Here, we studied the impact of chemotherapeutic drugs (paclitaxel and cisplatin) on actin and alpha-actinin 
structural patterns in human cervical adenocarcinoma cell culture HeLa Kyoto using total internal reflection fluorescence 
microscopy and single-molecule localization super-resolution microscopy. It was shown that paclitaxel causes disruption of 
actin cytoskeleton in cancer cells, both for actin and alpha-actinin. We observed disappearance of stress fibers, accumulation 
of filaments in the cell cortex and morphological changes in focal contacts. With cisplatin, we detected a lower number of 
thin actin bundles and more dense arrangement of alpha-actinin. Our results suggest that the actin cytoskeleton is a potential  
target for antitumor chemotherapy. 

Структурные особенности организации актина и актин-связывающих белков могут служить критериями оценки агрес-
сивности различных популяций клеток злокачественных солидных  опухолей. В настоящей работе мы изучили воз-
действие химиотерапевтических препаратов паклитаксел и цисплатин на структуру актина и альфа-актинина клеток 
рака шейки матки человека HeLa Kyoto с помощью флуоресцентной микроскопии полного внутреннего отражения 
и микроскопии сверхвысокого разрешения с детекцией одиночных молекул. Было показано, что паклитаксел вызы-
вает существенные нарушения структуры актинового цитоскелета опухолевых клеток, затрагивающие как актин, так 
и альфа-актинин: исчезновение стресс-фибрилл, сосредоточение филаментов в кортикальном слое клеток, измене-
ния морфологии фокальных контактов. Для цисплатина удалось детектировать сниженное содержание тонких во-
локон актина и более компактное расположение альфа-актинина. Полученные данные позволяют рассматривать 
актиновый цитоскелет как дополнительную мишень противоопухолевой химиотерапии.

Ключевые слова: актин, альфа-актинин, микрофиламенты, культура клеток рака шейки матки, паклитаксел, циспла-
тин, флуоресцентная визуализация

Keywords: actin, alpha-actinin, microfilaments, cervical carcinoma cell culture, paclitaxel, cisplatin, fluorescence imaging
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Actin and actin-binding proteins are the cytoskeleton 
components forming microfilaments. They are involved in 
a variety of processes, such as cell growth, motility, division, 
transcription regulation, cell-matrix and cell-cell interactions. 
The actin cytoskeleton participates in signal transduction 
cascades and intracellular transport of proteins and organelles 
[1]. Energy-dependent polymerization and depolymerization of 
actin occur continuously inside the cell. The assembly of new 
actin filaments is accompanied by the formation of specialized 
structures, such as stress fibers, filopodia, lamellipodia. Actin 
cytoskeleton rearrangements can manifest cell dysfunction 
and its malignant transformation [2]. Cancer cells use various 
mechanisms including changes in adhesive and mechanical 
properties to support tumor survival and growth. The actin 
cytoskeleton structure can determine cancer cell stiffness, 
motility and invasion capacity [3].

 Studying the structure of the actin cytoskeleton is essential 
for understanding the mechanism of antitumor drug action. 
For example, the effect of small interfering RNA inhibitors on 
cancer cell survival was demonstrated through visualization of 
actin cytoskeleton rearrangements [4]. The actin pattern also 
served as a criterion to assess the sensitivity of lung cancer 
cells to chemotherapy [5]. Moreover, actin itself can be used 
as a therapeutic target due to its potential to regulate tumor 
growth and metastasis formation [6, 7]. However, compounds 
that disrupt microfilament organization are highly toxic and 
have not been approved for clinical use yet.

Evaluation of actin cytoskeleton response to treatment 
with clinically approved anticancer drugs is a promising area 
of research. As a rule, malignant tumors are heterogeneous. 
Antitumor treatment outcome largely depends on the elimination 
of the most aggressive cell subpopulations. It has been shown 
that the most marked changes in the actin cytoskeleton occur 
in cells with metastatic capacity [8, 9]. Understanding the actin 
cytoskeleton dynamics in response to standard chemotherapy 
is important to detect potentially metastatic cells inside the 
tumor. 

The aim of this work was to study structural changes in 
the actin cytoskeleton in cancer cells upon treatment with 
chemotherapy drugs paclitaxel and cisplatin widely used in 
clinical practice. 

METHODS

We used HeLa Kyoto (human cervical cancer) cell line as a 
model system. The cells were cultured in Dulbecco's Modified 
Eagle's medium (PanEco, Russia) supplemented with 10 % fetal 
bovine serum (HyClone, GE Healthcare Life Sciences, USA), 
2 mM glutamine (PanEco), 50 µg/ml streptomycin (PanEco), 
and 50 units/ml penicillin (PanEco) in an atmosphere of 5 % 
CO2 at 37 °C.

For our experiment, we selected paclitaxel (Taxol) by 
Bristol-Mayers Squibb, USA, and cisplatin (Cisplatin-Teva) by 
Teva Pharmachemie, Netherlands. Cytochalasin D (Enzo Life 
Sciences, USA), an inhibitor of actin polymerization, was used 
as a control compound. To calculate LC50 of the chemotherapy 
drugs we applied the MTT assay [10], with drug-incubation 
period of 24 hours. Optical density of staining was measured 
on a Synergy Mx plate reader (BioTek, USA) at the wavelength 
of 570 and 630 nm.

200, 000 cells were seeded on 35 mm glass-bottom dishes 
(Fluorodish by WPI Inc., USA). The next day the culture medium 
was replaced with fresh medium containing chemotherapy 
drug (LC50), and cells were incubated for 24 hours under 

standard conditions. Cells without the adding drug were used 
as a control. Cells were then washed once with DPBS solution 
(PanEco), placed in 1 ml of FluoroBrite DMEM culture medium 
(Thermo Fisher Scientific, USA) and stained.

SiR-actin probe (Spirochrome, Switzerland) at 0.5 µM 
concentration and Hoechst 33342 (Molecular Probes, Thermo 
Fisher Scientific) at 5 µg/ml concentration were used to 
stain actin and nuclei, respectively. After 30-minute staining, 
fluorescence imaging was performed. SiR-actin [11] allowed 
for endogenous actin labeling in live cells without the need for 
fixation or wash procedure. The control and three experimental 
samples (with paclitaxel, cisplatin or cytochalasin D) were 
imaged; each sample was assessed in 10 fields of view. 

For alpha-actinin labeling, we used pTagRFP-actinin 
expression vector (Evrogen, Russia). Cells were transiently 
transfected with pTagRFP-actinin using the X-tremeGene 
9 reagent (Roche, USA) according to the manufacturer’s 
protocol. The day after transfection, cells were incubated 
with the chemotherapy drugs (LC50) for 24 hours. Cells were 
washed in DPBS solution and placed into 1 ml MEM culture 
medium (Sigma-Aldrich, USA). Then, fluorescence microscopy 
was performed. The control and three experimental samples 
(with paclitaxel, cisplatin and cytochalasin D) were studied. 
Each sample was assessed in 5−6 fields of view. 

Fluorescence imaging was carried out on a Nikon Eclipse 
Ti inverted microscope (Nikon, Japan) equipped with 100X Apo 
TIRF/1.49 oil objective (Nikon) and EM-CCD-camera iXon3 
DU-897 (Andor, UK). To collect a fluorescence signal from SiR-
actin, we used a C-NSTORM QUAD filter (Nikon) and 640-nm 
laser (power density of 7.8 W/cm2 ). To detect Hoechst 33342 
fluorescence, a Nikon Intensilight fluorescence lamp and a BV-
2A filter were used. Actin cytoskeleton was visualized by total 
internal reflection fluorescence microscopy (TIRF). TIRF-mode 
allows for the observation of thin layers (less than 200 nm) 
close to the cell membrane and ensures the highest signal-to-
noise ratio; it is optimal for super-resolution single- molecule 
localization microscopy. Data processing was done with Fiji 
software [12]. TagRFP-based super-resolution microscopy was 
performed as described previously [13].

RESULTS

First, we determined the concentrations of chemotherapy 
drugs for treatment. Based on MTT assay results, viability/
drug concentration curves for HeLa Kyoto cell culture were 
obtained. LC50 values for paclitaxel, cisplatin and cytochalasin 
D were 45 µM, 7 µM and 12.5 µM, respectively.

Then, we assessed the effect of chemotherapy drugs 
on the actin cytoskeleton of cancer cells using fluorescence 
microscopy. Fig. 1A shows typical HeLa Kyoto cells stained 
with SiR-actin (the control sample). Their actin cytoskeleton 
represents an extensive network of long stress fibers running 
across the cytoplasm in various directions. There are 
protrusions at the leading edge of the cell, as actin is enriched 
in the cell cortex. The image also shows a web-like meshwork 
of thin microfilaments that fill the entire cytoplasm. Cells 
under cytochalasin D treatment do not contain typical stress 
fibers. Their formation is driven by assembly of microfilaments 
from actin monomers, but in the presence of cytochalasin D
this process is impeded. Here, short filaments along with 
dotted actin structures evenly distributed over the cytoplasm 
are typical. Stress fibers are rare and can be found near the 
plasma membrane only. Cells are more rounded and do not 
have protrusions at the leading edge (fig. 2B). No significant 



Bulletin of RSMU | 4, 2016 | VESTNIKRGMU.RU16

article    MEDICAL IMAGING

Fig. 1. Effects of chemotherapy drugs (LC50) on the actin structure in HeLa Kyoto cervical cancer cells. (A) The control sample. (B) Cells incubated with cytochalasin D. 
(C) Cells incubated with cisplatin. (D) Cells incubated with paclitaxel

Fluorescence TIRF microscopy. Staining with SiR-actin (Spirochrome, Switzerland) and Hoechst 33342 (Thermo Fisher Scientific, USA). The actin cytoskeleton and the 
nuclei are shown in grey and blue, respectively. The scale bar is 10 µm.
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damage to the microfilament organization is observed in cells 
treated with cisplatin. Here, HeLa Kyoto cells have a typical 
irregular shape with numerous stress fibers commonly found in 
spread cells. However, unlike the control sample, cells do not 
contain a network of thin microfilaments; no actin enrichment 
is found in the cell cortex after cisplatin treatment (fig. 1C). The 
paclitaxel sample reveals a more dramatic reorganization of 
the actin cytoskeleton, as compared to the cisplatin sample. 
For example, cells have almost no cytoplasmic protrusion and 
tend to be more round. Actin is mainly accumulated in the cell 
cortex. Microfilament fibers are rare, and stress fibers are absent 
(fig. 1D). Notably, the majority of cells are multinucleated. 

A more accurate analysis of actin cytoskeleton changes was 
performed using super-resolution single-molecule localization 
fluorescence microscopy. We visualized a fine structure of 
the actin-binding protein alpha-actinin. In the control sample, 
cells show a typical pattern of alpha-actinin distribution along 
the actin bundles. Alpha-actinin completely fills the cytoplasm 
forming slight thickening at focal adhesion sites (fig. 2A). 
Cytochalasin D triggers complete disorganization of alpha-
actinin, which is in accordance with actin aggregation and the 
absence of long stress fibers observed by TIRF microscopy. 
Isolated alpha-actinin structures of 200−250 nm in diameter 
are evenly distributed throughout the cell (fig. 2B). Cells treated 
with paclitaxel become round and lack protrusions and stress 
fibers. Alpha-actinin is accumulated in the cell cortex. The 
subdiffraction-resolution image shows substantial thickening 
and convergence of alpha-actinin fibrils at focal adhesion 
sites (fig. 2C). The least conspicuous changes are induced by 
cisplatin. Here, cells have an irregular shape and a common 
dotted cytoskeleton (fig. 2D). The structural changes include 
a more dense packing of alpha-actinin.

DISCUSSION

In this work, we have studied the effect of chemotherapy drugs 
paclitaxel and cisplatin on the actin cytoskeleton structure. 

Paclitaxel belongs to the taxane family. Its mechanism 
of action is associated with the disruption of tubulin system; 

stabilization of microtubule assembly inhibits cell proliferation. 
Murakami et al. [14] have shown that taxane-based therapy 
reduces alpha-actin content in the stromal cells of breast 
tumors. Our findings demonstrate that, besides microtubules, 
microfilament system of cervical cancer cells also responds 
to paclitaxel treatment. Significant reorganization of actin 
structures observed (the appearance of rare thin curved 
filaments in the absence of stress fibers) is in agreement with 
the results obtained with MCF7 breast cancer cells treated with 
taxanes [15]. 

Interestingly, the majority of cells became multinucleated 
after incubation with paclitaxel. Its binding to beta-tubulin 
increases the number of cells in the G2/M phase and 
induces apoptosis and polyploidy [16, 17]. Actin skeleton 
rearrangements detected in HeLa Kyoto cell line could be 
indirectly related to the multinucleated phenotype. It is known 
that in normal multinucleated cells, such as osteoclasts, 
actin undergoes significant changes and represents isolated 
podosome-forming structures [18]. Giant multinucleated cells 
have been observed in HeLa-derived cell culture where actin 
is mainly accumulated in microspikes at the ventral face of the 
cell and in dotted podosome-like structures [19].  

No direct link between the therapeutic effect of cisplatin 
and its impact on the actin filament rearrangement has been 
established. The mechanism of cisplatin action is associated 
with the ability of platinum ions to form intrastrand cross-links 
with DNA purine bases. As a result, DNA repair is inhibited 
and DNA damage induces apoptosis in cancer cells [20]. 
Nevertheless, the issue of cancer cell resistance to cisplatin 
and the role of actin in this process have been studied. For 
example, cisplatin-resistance cancer cells demonstrate 
changes in the expression of some cytoskeletal proteins, 
including actin, manifesting as abnormal actin-filamin dynamics 
[21, 22]. Sharma et al. observed conspicuous difference in the 
organization and mechanical properties of actin filaments in 
cisplatin-resistant ovarian cancer cells (OVCAR5), compared 
to the sensitive cells [23]. In their work, super-resolution 
microscopy was used for actin visualization that allowed them 
to detect specific patterns at the subdiffraction level, such as 
individual bundles or extensions of the cell at focal adhesion 
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Fig. 2. Super-resolution single-molecule localization fluorescence microscopy 
of alpha-actinin labeled with fluorescent protein TagRFP in HeLa Kyoto cervical 
cancer cells. (A) The control sample. (B). Cells incubated with cytochalasin 
D. (C) Cells incubated with paclitaxel. (D) Cells incubated with cisplatin 

The chemotherapy drugs were added at LC50.  The scale bar is 10 µm.
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sites. According to our findings, cisplatin has a weaker effect 
on the actin cytoskeleton of HeLa Kyoto cells, compared to 
paclitaxel. At the same time, super-resolution microscopy data 
indicate a high packing density of microfilaments that can 
potentially disrupt normal functioning of cancer cells. 

CONCLUSIONS

We have studied the effect of two chemotherapy drugs 
(paclitaxel and cisplatin) on the actin cytoskeleton in HeLa 
Kyoto cervical cancer cells using fluorescence microscopy. 
We have found that paclitaxel leads to massive reorganization 
of the actin skeleton expressed as disassembly of stress 
fibers, actin accumulation in the cell cortex, thickening 
and convergence of focal adhesion sites. Cisplatin caused 
smaller changes, namely, reduction in the number of thin 
microfilament bundles and denser packing of alpha-actinin. We 
observed structural changes of actin cytoskeleton induced by 
chemotherapy drugs not specifically targeting it. In this light, 
actin might be considered as an additional target for anticancer 
therapy. Such reorganization of the microfilament system may 
affect metastatic and invasive capacities of cancer cells within 
solid tumor in vivo. We are planning to study the effect of 
chemotherapy on the actin cytoskeleton structure in a mouse 
tumor model.
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Применение мультимодальной оптической когерентной 
томографии в оценке эффективности терапии рака

Multimodal optical coherence tomography in the assessment 
of cancer treatment efficacy 

Поиск новых способов прижизненной функциональной визуализации биологических тканей, которые позволяют вы-
являть ранний ответ опухоли на выбранную терапию с целью коррекции курса лечения, — актуальная задача со-
временной медицины. В качестве такого способа в работе предложена мультимодальная оптическая когерентная 
томография (ММ ОКТ), которая сочетает в себе кросс-поляризационную ОКТ (КП ОКТ) для визуализации структуры 
ткани и оценки состояния соединительнотканного компонента, ОКТ-микроангиографию (ОКТ МА) для визуализации 
сосудистого русла и ОКТ-эластографию для изучения жесткости ткани. Эффективность метода проверяли на при-
мере действия фотодинамической терапии (ФДТ), поскольку основными мишенями ФДТ являются клеточный и со-
судистый компоненты опухоли. В качестве объекта исследования была выбрана карцинома кишечника мыши СТ26, 
локализованная на ухе мыши. Показано, что с помощью ММ ОКТ можно оценить эффективность ФДТ, а именно: по 
КП ОКТ — отличить опухоль с некрозом от интактной опухоли, по ОКТ МА — выявить расстройства кровообращения, 
приводящие к замедлению или остановке кровотока и дальнейшей гибели опухоли, а по ОКТ-эластографии — опре-
делить жесткость нормальной и патологической ткани. 

One of the challenges faced by modern medicine is finding new methods of functional imaging of biological tissues in patients 
that allow detection of early tumor response to treatment. One of such methods proposed in this work is multimodal optical 
coherence tomography (MM OCT). It combines cross-polarization OCT (CP OCT) for visualization of tissue structure and 
assessment of connective tissue health, OCT-based microangiography (OCT MA) for visualization of the vasculature, and OCT-
based elastography for measuring tissue stiffness. The efficacy of this method was tested during the course of photodynamic 
therapy (PDT), as major PDT targets are cellular and vascular components of a tumor. The experiments were carried out on 
the CT26 colon carcinoma   transplanted into the mouse ear.  It was shown that the efficacy of PDT can be assessed using 
MM OCT. For example, CP OCT can help differentiate between necrotic and intact tumors; OCT MA detects blood circulation 
defects that lead to slower blood circulation or circulatory stagnation followed by tumor death. OCT-based elastography is 
helpful in assessing stiffness of normal and pathological tissues.

Ключевые слова:  мультимодальная оптическая когерентная томография, кросс-рассеяние, микроангиография, эла-
стография, фотодинамическая терапия, карцинома кишечника CT26, экспериментальная опухоль

Keywords: multimodal optical coherence tomography, cross-scattering, microangiography, elastography, photodynamic 
therapy, CT26 colon carcinoma, experimental tumor
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In spite of advances in the diagnosis and treatment of cancer, 
mortality in cancer patients is still high. Tumor heterogeneity 
remains a challenge that largely affects treatment progress [1]. 
Patients with tumors of the same type often respond differently 
to identical therapies. Thus, detecting early tumor response 
to treatment is crucial for introducing timely adjustments to 
a treatment plan. The literature reports studies aimed at finding 
criteria for the assessment of antitumor therapy efficacy [2], but 
no reliable models have been suggested so far. 

Optical coherence tomography (OCT) is a noninvasive 
diagnostic tool for imaging in turbid media. OCT utilizes 
backscattering, permitting scan depth of 1–2 mm, and 
forms 2D and 3D images. This technique is based on the 
low coherence interferometry with a broad bandwidth light 
source in the near-infrared wavelength range (the so-called 
therapeutic transparency window of 0.7–1.3 µm) [3–5]. OCT is 
not damaging to the organism, since its power output is only 
3–5 mW. Compared to nuclear magnetic resonance imaging 
and high frequency ultrasound scanning, it has a higher spatial 
resolution (up to 15 µm), is more cost-effective and easier to use. 
Clinically, it is used for early diagnosis of neoplasia, resection 
margin definition prior to excision and for monitoring patients 
with  previous cancers in order to timely detect recurrences [6]. 

The application of this technique is not limited to standard 
tissue visualization. It can also be used for blood circulation and 
vasculature structure imaging. It is very important for biological 
and medical research, as it allows obtaining data on  tissue 
functioning in vivo. Such data  can influence the choice of 
cancer therapy, as some treatments induce vascular damage in 
tumors [7]. Therefore, a lot of research laboratories are now 
working on optimizing OCT techniques for intravital microvascular 
imaging. Among the most promising methods of detection, 
visualization and quantitative assessment/monitoring of tissue
microcirculation are those based on speckle variance [8]. 

Mechanical properties of biological tissues are related 
to their structure and functions that change in the presence 
of pathology or during the course of treatment. The last 
15 years have seen the increasing focus on OCT-based 
tissue stiffness measuring (tissue elasticity mapping). Optical 
coherence elastogrpahy has been demonstrated in vivo [9] and 
recommended for tumor detection in soft tissues [10]. Some 
researchers have described the potential of this method for 
differentiating between malignant and healthy breast tissues 
[14, 15]. At the moment, there are no OCT scanners for 
elastographic mapping on the market. In Russia, there are a 
number of research centers in Nizhniy Novgorod, Saratov and 
St. Petersburg that work on OCT optimization, but only a few 
researchers from the Institute of Applied Physics of RAS (Nizhny 
Novgorod) and Nizhny Novgorod State Medical Academy 
(NNSMA) work with optical coherence elastogrpahy [16].

A combination of the methods described above forms a 
multimodal OCT that can be an effective tool for monitoring 
tumor response to therapy and interpreting new findings, 
thus driving us toward personalized treatment. The aim of this 
work was to test the feasibility of three OCT modalities for the 
assessment of tumor response to therapy.

METHODS

Animal model 

The study was carried out on the experimental model of murine 
CT26 colon carcinoma. The tumor cell suspension (200,000 
cells in 20 µl phosphate buffer) was inoculated intracutaneously 
into the external auricle tissue of 8-month old female BALB/c 

mice (weight of 20–22 g). An ear tumor model is characterized 
by a surface growth, a relatively small size (several millimeters 
in diameter) and good accessibility for visual examination and 
optical bioimaging. The experiment was approved by the Ethics 
Committee of NNSMA (protocol no. 14 dated December 10, 
2013).

Photodynamic therapy

We decided on the short-term (from several hours up to several 
days) photodynamic therapy (PDT) that affects both vascular 
and cellular tumor components. PTD was introduced 10–14 
days after the inoculation when the tumor size was 3.5–4.0 mm
and its vasculature was well formed. The animals received 
5 mg/kg i. v. Fotoditazin by Veta-Grand, Russia. One hour after 
the photosensitizer injection, the tumor was exposed to the 
diode laser radiation with a wavelength of 659 nm; the dosage 
used was 75 J/cm2 (100 mW/cm2). The experimental group 
consisted of 10 animals; the control group included 5 mice. 

Multimodal optical coherence tomography 

The tumor response to PDT was assessed by MM OCT using 
the system developed by the Institute of Applied Physics, RAS. 
System parameters were as follows: operating wavelength of 
1.3 µm, power output of 15 mW, transverse spatial resolution 
of 25 µm, axial resolution of 15 µm, scanning depth of up to 
1.7 µm. Probing radiation was circularly polarized, scanning 
speed was 20,000 A-scans per second.

We performed noncontact MM OCT scanning by positioning 
the optical probe at 1.5 cm distance from the studied surface.

2D images (B-scans) of 4 × 4 mm were obtained in the 
cross-polarization OCT (CP OCT) mode. The scans consisted of 
2 pseudocolor images: the top co-polarized image showing the 
intensity of backscattered waves that preserved the initial level 
of polarization, and the bottom cross-polarized image showing 
the intensity of backscattered waves that changed their initial 
polarization to orthogonal. In most cases, cross-scattering is 
observed in highly organized anisotropic structures, such as 
collagen and elastic fibers [17]. The CP OCT mode allows 
recording 3D images in co- and cross-polarization modes, 
each of them of 4 × 4 × 2 mm in size (the figures correspond to 
planar dimensions and depth).

Quantitative processing of CP OCT images included 
computing of the integral depolarization factor (IDF) for the 
manually selected area of interest (selection was based on 
histological analysis results and qualitative attributes of CP OCT 
images). IDF calculation algorithm was previously developed by 
the authors of this work and described in [18]. We had used it 
for the assessment of the functional state of collagen fibers in 
various tissues (bladder and oral mucosa, aorta and coronary 
arteries). Its calculation is based on the averaged ratio of OCT 
signal intensities in cross- and co-polarization modes.

Tissue stiffness was assessed using optical coherence 
elastogrpahy. To extract information from the OCT signal, 
we used an improved (hybrid) phase-sensitive approach to 
strain estimation [16]. The probe was slightly pressed to the 
studied surface (a tissue compression method used for data 
acquisition), and the deformities in the probe vicinity were 
registered. Elastographic mapping is based on the analysis of 
spatial heterogeneity of changes in the OCT signal phase in 
the tissue induced by its motion. On the resulting pseudocolor 
images, stiffer areas (those with little deformation) are shown 
in blue, and soft areas, where deformation is considerable, are 
shown in red. 
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Fig. 1. Visualization of healthy tissue (A, B) and CT26 colon carcinoma 
transplanted into the mouse ear (C, D)

(A) and (C) are histological sections (the scale bars are 100 µm and 500 µm, 
respectively). (B) and (D) are images obtained with cross-polarized optical 
coherence tomography (the scale bar is 1 µm). 1 — the cartilage; 2 — the 
adipocyte layer; 3 — the cross-striated muscle; 4 — the dermis; 5 — hair follicles; 
6 — the epidermis; 7 — the tumor tissue.
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The microvasculature was studied using OCT-based 
microangiography (OCT MA). Vascular network visualization is 
based on the time-related alterations of OCT signal amplitude 
and phase shown on the series of pixelated OCT images of 
the same tissue region. The areas where the signal changes 
rapidly indicate the presence of flowing liquid (blood). The areas 
of pixels with stable values of amplitudes and phases mean 
there is no liquid there. Thus, OCT MA can be used for the 
visualization of both normal blood circulation and stasis, as in 
PDT-induced thrombosis. OCT MA scans were obtained from 
the area of 2 x 2 mm3. The pattern was highly sensitive making 
it possible to visualize small blood vessels. Processed OCT 
MA images were a projection of the maximum signal intensity 
(a vascular network top view, full depth imaging) [19].

 
Fluorescence microscopy 

The data on the vascular network structure obtained with 
OCT MA were verified by fluorescence microscopy on the 
Axio Zoom.V16 stereomicroscope (Zeiss, Germany) using 
FITC fluorophore conjugated to dextran (Sigma-Aldrich, USA). 
50 mg/kg fluorophore were injected i. v. into the tail vein. 
Images were obtained within 10 minutes after fluorophore 
administration.

Histological analysis

Tumor cell death and blood circulation defects were verified by 
light microscopy 2 days after PDT. Samples were fixated in 10 % 
neutral buffered formalin. 7 µm thick histological sections were 
prepared using the Leica SM 2000 R sliding microtome (Leica 
Biosystems, Germany). To study tumor tissue morphology, the 
sections were deparaffinized and stained with hematoxylin and 
eosin.

RESULTS

MM OCT imaging of mouse ear tissue

CP OCT

Ear tissue is a layered structure consisting of the epidermis, the 
dermis with cutaneous appendages, and the cartilage (fig. 1A).
In the co-polarization mode, CP OCT images of healthy ear 
tissue show a layered structure with the cartilage in the middle 
represented as a thin line of a low intensity signal; on the both 
sides of it are dermis layers of a high intensity signal. The 
epidermis is visualized above the dermis as a very thin line of 
a low intensity signal (fig. 1B). In the cross-polarization mode, 
the image is also layered, but the signal intensity of the co-
polarized layers described above is an order of magnitude 
weaker, because this mode can only “see” a signal from 
optically anisotropic structures, such as collagen or elastic 
fibers of the dermis and the cartilage. As the tumor grows in 
the dermis, the total volume of the tissue above the cartilage 
gradually increases, and CP OCT scans show deformation of 
tissue layers. Images obtained by noncontact scanning show a 
small protuberance in the tumor site (fig. 1D). Dense tumor cells 
do not cross-polarize or cross-scatter the probing radiation. 
The signal intensity around the tumor is reduced due to the 
disrupted organization of dermal collagen (fig. 1D). 

OCT MA

OCT MA was used to visualize the structure of the vascular 

network of healthy ear tissues (fig. 2B) and the area where the 
CT26 tumor had been transplanted (fig. 2G). Images of normal 
tissue show large blood vessels, i. e., arterioles and venules. 
In the presence of pathology, smaller blood vessels can be 
visualized forming a dense interwoven network. Such imaging 
specifics can be related to the formation of new blood vessels in 
the tumor or to the increased blood flow velocity in the already 
existing vessels. We are still working on the interpretation 
of this fact. The vascular network structures in healthy and 
pathological tissues visualized on OCT MA images are identical 
to those seen on fluorescence microscopy images (fig. 2C, 2Е), 
which indicates that data obtained with OCT MA are accurate. 
Thus, OCT MA can be used to differentiate between normal 
and pathological tissues. 

Optical coherence elastography

Examples of in vivo elastographic deformation mapping in lab 
animals using manual probing are presented in fig. 3. Fig. 3A 
and 3B show structured and elastographic images of healthy 
ear tissue. The structured image (fig. 3А) shows that tissue 
in the selected frame is morphologically heterogenic and the 
OCT signal is scattered evenly; as a result, the elastographic 
map reflects uniform strain distribution (fig. 3B). The same 
area looks 2.0–2.5 times thicker in the structured image of the 
ear tissue sample with the transplanted tumor (fig. 3C) and 
is characterized by reduced scattering of probing signal. The 
elastographic map (fig. 3G) shows that tumor site is presented 
as a clearly outlined deformation zone.

CT26 tumor growth in the mouse ear

CT26 tumor growth was studied using CP OCT and OCT MA. 
As the tumor grows, the CP OCT images demonstrate that 
signal intensity drops and reaches its minimum on day 14 after 
tumor inoculation. The signal penetration depth also decreases 
(fig. 4, top row). OCT MA images show that as the tumor grows 
in size, the number of blood vessels also increases (fig. 4, 
bottom row).
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Deformation

Deformation

Fig. 2. Visualization of a vascular network of healthy tissue (A–C) and CT26 colon carcinoma transplanted into the mouse ear (D–F)
(A) and (B) are microphotographs, (C) and (D) are images obtained with OCT-based microangiography, (E) and (F) are fluorescence microscopy images. The scale 
bar is 0.5 mm.

Fig. 3. Structured in vivo OCT images (A, C) and elastographic deformation maps (B, D) of healthy tissues of the mouse ear (A, B) and CT26 colon carcinoma 
transplanted into the mouse ear (C, D) (the scale bar is 1 mm)
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Tumor response to photodynamic treatment

Analysis of histological sections

PDT causes damage to malignant cells and disrupts blood flow 
to the tumor. On day 2 after the treatment necrotic lesions were 
detected covering about 60 % of the whole tumor. Along with 
tissue necrosis, we observed blood circulation defects: stasis, 
sludge syndrome, thrombosis and hemorrhage.

Analysis of CP OCT images

The damaging effect of PDT on tumor cells and vasculature is 
supposed to affect optical properties of the tumor. Fig. 5 shows 
depolarization factor maps for the experimental (PDT) and 
control groups. In the controls, the tumor was characterized by 
low values of depolarization factor (fig. 5A) suggesting low cross-
scattering capacity of the tissue. In tumors treated with PDT, 
IDF maps show increased cross-scattering (fig. 5B): IDF values 
increase from 0.020 ± 0.007 to 0.036 ± 0.013. We conclude 
that prevalence of necrotic lesions in the tumor formed by the 
deposition of inflammatory cells, destroyed collagen fibers and 

true tumor cells leads to the increased number of cross-scatter 
sites and a higher IDF.

 
Analysis of OCT MA images

OCT MA-based monitoring of the tumor vascular network 
within a few hours after the treatment demonstrates the instant 
response of the vasculature to radiation: the majority of blood 
vessels are not visualized during the procedure (fig. 6B). 24 h 
after PDT, the vessels are not visualized on OCT MA (fig. 6C). 
The obtained results confirm that in the presence of blood 
circulation abnormalities that significantly reduce blood flow 
or cause stasis, OCT MA does not visualize blood vessels. 
Fluorescence microscopy images also do not show the 
vascular network (fig. 6E).

DISCUSSION

In this work, we present the results of the first multimodal 
OCT-based complex study of normal and pathological tissues. 
We obtained and analyzed OCT images of tissue structure 
and vascular network and maps of stiffness distribution 



23Bulletin of RSMU | 4, 2016 | VESTNIKRGMU.RU

METHOD    MEDICAL IMAGING

Fig. 4. MM OCT-based monitoring of CT26 colon carcinoma transplanted into the mouse ear

Top row: CP OCT images; bottom row: OCT MA images. The tumor site is circled.

Fig. 5. Depolarization maps based on B-scans. (A) — tumor before photodynamic therapy, (B) — tumor after photodynamic therapy
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Fig. 6. Visualization of the vascular response of CT26 colon carcinoma transplanted into the mouse ear to photodynamic therapy on OCT MA (A–C) and fluorescence 
microscopy (D, E). (A) and (D) — before treatment, (B) — immediately after treatment, (C) and (E) — 24 h after treatment. The scale bar is 0.5 mm. The tumor site is 
marked with a dotted circle
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(elastographic OCT images). A possibility of using MM OCT 
for the assessment of antitumor treatment was demonstrated 
convincingly. Other researchers explore isolated OCT 
modalities. For example, optical coherence elastography and 
its application in ophthalmology have been studied in the USA 
since 2000 [14, 15, 20, 21]. The leading positions in this area 
of research are held by the Australian team of D. Sampson [12, 
22]. An outstanding contribution to the improvement of OCT-
based visualization of tissue microcirculation (capillary vessels, 
in particular) has been made by the research groups headed 
by M. Leahy [23], R. Wang [24] and A. Vitkin [25]. Vascular 
response to PDT has also been studied [26, 27].

At the moment, OCT is a verified method for visual 
assessment of structural changes in skin cancers treated 
with PDT and a follow-up tool for monitoring tumor margins 
[28, 29]. However, certain changes in the tumor cell profile 
registered on OCT images are not visible to the unaided eye; 
here, quantitative assessment of OCT images can be more 
reliable. This approach has largely contributed to the diagnosis 
accuracy [18]. IDF calculation for the assessment of tumor 
response to PDT helps to accurately analyze the obtained 
images, describe the underlying mechanism of tumor cell 
death and stroma degradation and understand the role of 
inflammatory cells in this process.

MM OCT monitoring of tumor growth detected gradual 
development of the vascular network in the tumor. Apparently, 
the degree of tumor vascularization can influence the choice of 
treatment plan: in well vascularized tumors the photosensitizer 
will accumulate in larger concentrations, and such tumors can be 
successfully destroyed with PDT that affects the vasculature. 
We have demonstrated that simultaneous use of three OCT 

modalities in tumor studies provides information on both the 
structure of tissue consisting of collagen fibers and blood 
vessels and its stiffness. Altogether, these data are important 
for the accurate assessment of tumor response to therapy. 
We believe that particular focus should be drawn to studying 
the tumor prior to treatment, as initial imaging results can 
influence the choice of treatment strategy. For example, poorly 
vascularized tumors are most likely hypoxic; here, radiation or 
PDT will be ineffective, chemotherapy drugs will not accumulate 
in the tumor properly, and targeted delivery of medication will 
be required.

CONCLUSIONS

We have demonstrated the potential of multimodal optical 
coherence tomography as a basis for the personalized antitumor 
treatment using photodynamic therapy as an example. Based 
on the analysis of scattering and polarizing properties of tissues, 
CP OCT provides data on tissue structure and collagen fibers 
and detects necrotic lesions in the tumor. OCT MA allows 
real time visualization of the vasculature in normal and tumor 
tissues and can be used to assess the functional state of 
blood vessels. Observing the response of tumor vasculature to 
treatment right after its completion allows for the adjustments to 
the treatment plan in case the vascular response is absent. We 
have tested a novel robust method of obtaining elastographic 
images that can be employed to generate deformation maps in 
vivo using manual probing, which is highly important for clinical 
studies. The complex assessment of tissues based on MM 
OCT is a huge step towards personalized treatment of cancers.

1. Casas A, Di Venosa G, Hasan T, Al Batlle. Mechanisms of 
resistance to photodynamic therapy. Curr Med Chem. 2011; 
18 (16): 2486–515.

2. Mallidi S, Watanabe K, Timerman D, Schoenfeld D, Hasan T. 
Prediction of Tumor Recurrence and Therapy Monitoring Using 
Ultrasound-Guided Photoacoustic Imaging. Theranostics. 2015 
Jan 1; 5 (3): 289–301.

3. Huang D, Swanson EA, Lin  CP, Schuman  S, Stinson  WG, 
Chang W, et al. Optical coherence tomography. Science. 1991 
Nov 22; 254 (5035): 1178–81.

4. Schmitt JM, Xiang SH. Cross-polarized backscatter in optical 
coherence tomography of biological tissue. Opt Lett. 1998 Jul 1; 
23 (13): 1060–2.

5. Bouma BE, Tearney GJ. Clinical imaging with optical coherence 
tomography. Acad Radiol. 2002 Aug; 9 (8): 942–53.

6. Zagaynova EV, Gladkova ND, Shakhova  NM, Streltsova  OS, 
Kuznetsova IA, Yanvareva IA, et al. Optical Coherence Tomography 
Monitoring of Surgery in Oncology. In: Popp J, Tuchin V, Chiou A, 
Heinemann SH, editors. Handbook of Biophotonics. Wiley-VCH; 
2012. p. 337–76.

7. Enfield J, Jonathan E, Leahy M. In vivo imaging of the 
microcirculation of the volar forearm using correlation mapping 
optical coherence tomography (cmOCT). Biomed Opt Express. 
2011; 2 (5): 1184–93.

8. Mariampillai A, Leung MK, Jarvi M, Standish BA, Lee  K, 
Wilson BC, et  al. Optimized speckle variance OCT imaging of 
microvasculature. Opt Lett. 2010; 35 (8): 1257–9.

9. Kennedy BF, Hillman TR, McLaughlin RA, Quirk BC, Sampson 
DD. In vivo dynamic optical coherence elastography using a ring 
actuator. Opt Express. 2009; 17 (24): 21762–72.

10. Wang S, Li J, Manapuram RK, Menodiado  FM, Ingram  DR, 
Twa MD, et  al. Noncontact measurement of elasticity for the 

detection of soft-tissue tumors using phase-sensitive optical 
coherence tomography combined with a focused air-puff system. 
Opt Lett. 2012; 37 (24): 5184–6.

11. Srivastava A, Verma Y, Rao K, Gupta P. Determination of elastic 
properties of resected human breast tissue samples using optical 
coherence tomographic elastography. Strain. 2011; Feb  1; 
47 (1): 75–87.

12. Kennedy KM, McLaughlin RA, Kennedy BF, Tien A, Latham B, 
Saunders CM, et al. Needle optical coherence elastography for 
the measurement of microscale mechanical contrast deep within 
human breast tissues. J Biomed Opt. 2013; 18 (12): 121510.

13. Kennedy BF, McLaughlin RA, Kennedy KM, Chin L, Wijesinghe P, 
Curatolo  A, et  al. Investigation of Optical Coherence Micro-

       elastography as a Method to Visualize Cancers in Human Breast 
Tissue. Cancer Res. 2015; 75 (16): 3236–45.

14. Wang S, Larin KV, Li J, Vantipalli S, Manapuram RK, Aglyamov S, 
et  al. A focused air-pulse system for optical-coherence-
tomography-based measurements of tissue elasticity. Laser 
Physics Letters. 2013; 10 (7): 075605.

15. Nguyen TM, Song S, Arnal B, Wong EY, Huang Z, Wang RK, et al. 
Shear wave pulse compression for dynamic elastography using 
phase-sensitive optical coherence tomography. J Biomed Opt. 
2014; 19 (1): 016013.

16. Zaitsev VY, Matveyev AL, Matveev  LA, Gelikonov  GV, 
Gubarkova  EV, Gladkova  ND, et  al. Hybrid method of strain 
estimation in optical coherence elastography using combined sub-
wavelength phase measurements and supra-pixel displacement 
tracking. J Biophotonics. 2016; 9 (5): 499–509.

17. Gubarkova  EV, Dudenkova  VV, Feldchtein  FI, Timofeeva  LB, 
Kiseleva  EB, Kuznetsov SS, et  al. Multi-modal optical imaging 
characterization of atherosclerotic plaques. J Biophotonics. 2015 
Nov 25. doi: 10.1002/jbio.201500223.

References



25Bulletin of RSMU | 4, 2016 | VESTNIKRGMU.RU

METHOD    MEDICAL IMAGING

Литература

1. Casas A, Di Venosa G, Hasan T, Al Batlle. Mechanisms of 
resistance to photodynamic therapy. Curr Med Chem. 2011; 
18 (16): 2486–515.

2. Mallidi S, Watanabe K, Timerman D, Schoenfeld D, Hasan T. 
Prediction of Tumor Recurrence and Therapy Monitoring Using 
Ultrasound-Guided Photoacoustic Imaging. Theranostics. 2015 
Jan 1; 5 (3): 289–301.

3. Huang D, Swanson EA, Lin  CP, Schuman  S, Stinson  WG, 
Chang W, et al. Optical coherence tomography. Science. 1991 
Nov 22; 254 (5035): 1178–81.

4. Schmitt JM, Xiang SH. Cross-polarized backscatter in optical 
coherence tomography of biological tissue. Opt Lett. 1998 Jul 1; 
23 (13): 1060–2.

5. Bouma BE, Tearney GJ. Clinical imaging with optical coherence 
tomography. Acad Radiol. 2002 Aug; 9 (8): 942–53.

6. Zagaynova EV, Gladkova ND, Shakhova  NM, Streltsova  OS, 
Kuznetsova IA, Yanvareva IA, et al. Optical Coherence Tomography 
Monitoring of Surgery in Oncology. В книге: Popp J, Tuchin V, 
Chiou  A, Heinemann  SH, editors. Handbook of Biophotonics. 
Wiley-VCH; 2012. p. 337–76.

7. Enfield J, Jonathan E, Leahy M. In vivo imaging of the 
microcirculation of the volar forearm using correlation mapping 
optical coherence tomography (cmOCT). Biomed Opt Express. 
2011; 2 (5): 1184–93.

8. Mariampillai A, Leung MK, Jarvi M, Standish BA, Lee  K, 
Wilson BC, et  al. Optimized speckle variance OCT imaging of 
microvasculature. Opt Lett. 2010; 35 (8): 1257–9.

9. Kennedy BF, Hillman TR, McLaughlin RA, Quirk BC, Sampson 
DD. In vivo dynamic optical coherence elastography using a ring 
actuator. Opt Express. 2009; 17 (24): 21762–72.

10. Wang S, Li J, Manapuram RK, Menodiado  FM, Ingram  DR, 
Twa MD, et  al. Noncontact measurement of elasticity for the 
detection of soft-tissue tumors using phase-sensitive optical 
coherence tomography combined with a focused air-puff system. 
Opt Lett. 2012; 37 (24): 5184–6.

11. Srivastava A, Verma Y, Rao K, Gupta P. Determination of elastic 
properties of resected human breast tissue samples using optical 
coherence tomographic elastography. Strain. 2011; Feb  1; 
47 (1): 75–87.

12. Kennedy KM, McLaughlin RA, Kennedy BF, Tien A, Latham B, 
Saunders CM, et al. Needle optical coherence elastography for 
the measurement of microscale mechanical contrast deep within 

human breast tissues. J Biomed Opt. 2013; 18 (12): 121510.
13. Kennedy BF, McLaughlin RA, Kennedy KM, Chin L, Wijesinghe P, 

Curatolo  A, et  al. Investigation of Optical Coherence Micro-
       elastography as a Method to Visualize Cancers in Human Breast 

Tissue. Cancer Res. 2015; 75 (16): 3236–45.
14. Wang S, Larin KV, Li J, Vantipalli S, Manapuram RK, Aglyamov S, 

et  al. A focused air-pulse system for optical-coherence-
tomography-based measurements of tissue elasticity. Laser 
Physics Letters. 2013; 10 (7): 075605.

15. Nguyen TM, Song S, Arnal B, Wong EY, Huang Z, Wang RK, et al. 
Shear wave pulse compression for dynamic elastography using 
phase-sensitive optical coherence tomography. J Biomed Opt. 
2014; 19 (1): 016013.

16. Zaitsev VY, Matveyev AL, Matveev  LA, Gelikonov  GV, 
Gubarkova  EV, Gladkova  ND, et  al. Hybrid method of strain 
estimation in optical coherence elastography using combined sub-
wavelength phase measurements and supra-pixel displacement 
tracking. J Biophotonics. 2016; 9 (5): 499–509.

17. Gubarkova  EV, Dudenkova  VV, Feldchtein  FI, Timofeeva  LB, 
Kiseleva  EB, Kuznetsov SS, et  al. Multi-modal optical imaging 
characterization of atherosclerotic plaques. J Biophotonics. 2015 
Nov 25. doi: 10.1002/jbio.201500223.

18. Kiseleva  Е, Kirillin  M, Feldchtein  F, Vitkin  A, Sergeeva  E, 
Zagaynova  E, et  al. Differential diagnosis of human bladder 
mucosa pathologies in vivo with cross-polarization optical 
coherence tomography. Biomed Opt Express. 2015; Apr 1; 6 (4): 
1464–76.

19. Matveev  LA, Zaitsev  VYu, Gelikonov  GV, Matveyev  AL, 
Moiseev AA, Ksenofontov SYu, et al. Hybrid M-mode-like OCT 
imaging of three-dimensional microvasculature in vivo using 
reference-free processing of complex valued B-scans. Opt Lett. 
2015; 40 (7): 1472–5.

20. Rogowska J, Patel N, Plummer S, Brezinski ME. Quantitative 
optical coherence tomographic elastography: method for 
assessing arterial mechanical properties. Br  J  Radiol. 2006; 
79 (945): 707–11.

21. Song S, Huang Z, Nguyen TM, Wong EY, Arnal B, O'Donnell M, 
et al. Shear modulus imaging by direct visualization of propagating 
shear waves with phase-sensitive optical coherence tomography. 
J Biomed Opt. 2013; 18 (12): 121509.

22. Adie SG, Kennedy BF, Armstrong JJ, Alexandrov  SA, 
Sampson  DD. Audio frequency in vivo optical coherence 

18. Kiseleva  Е, Kirillin  M, Feldchtein  F, Vitkin  A, Sergeeva  E, 
Zagaynova  E, et  al. Differential diagnosis of human bladder 
mucosa pathologies in vivo with cross-polarization optical 
coherence tomography. Biomed Opt Express. 2015; Apr 1; 6 (4): 
1464–76.

19. Matveev  LA, Zaitsev  VYu, Gelikonov  GV, Matveyev  AL, 
Moiseev AA, Ksenofontov SYu, et al. Hybrid M-mode-like OCT 
imaging of three-dimensional microvasculature in vivo using 
reference-free processing of complex valued B-scans. Opt Lett. 
2015; 40 (7): 1472–5.

20. Rogowska J, Patel N, Plummer S, Brezinski ME. Quantitative 
optical coherence tomographic elastography: method for 
assessing arterial mechanical properties. Br  J  Radiol. 2006; 
79 (945): 707–11.

21. Song S, Huang Z, Nguyen TM, Wong EY, Arnal B, O'Donnell M, 
et al. Shear modulus imaging by direct visualization of propagating 
shear waves with phase-sensitive optical coherence tomography. 
J Biomed Opt. 2013; 18 (12): 121509.

22. Adie SG, Kennedy BF, Armstrong JJ, Alexandrov SA, Sampson DD. 
Audio frequency in vivo optical coherence elastography. Phys 
Med Biol. 2009; 54 (10): 3129–39.

23. Jonathan E, Enfield J, Leahy MJ. Correlation mapping method for 
generating microcirculation morphology from optical coherence 
tomography (OCT) intensity images. J Biophotonics. 2011; Sep; 
4 (9): 583–7.

24. Jung Y, Dziennis S, Zhi Z, Reif R, Zheng Y, Wang RK. Tracking 

Dynamic Microvascular Changes during Healing after 
Complete Biopsy Punch on the Mouse Pinna Using Optical 
Microangiography. PLoS ONE. 2013; 8 (2): e57976.

25. Li H, Standish BA, Mariampillai A, Munce NR, Mao Y, Chiu S, 
et  al. Feasibility of Interstitial Doppler Optical Coherence 
Tomography for In Vivo Detection of Microvascular Changes 
During Photodynamic Therapy. Lasers Surg Med. 2006; Sep 1; 
38 (8): 754–61.

26. Standish BA, Lee KKC, Jin X, Mariampillai A, Munce NR, Wood 
MFG, et al. Interstitial Doppler Optical Coherence Tomography as 
a Local Tumor Necrosis Predictor in Photodynamic Therapy of 
Prostatic Carcinoma: An In vivo Study. Cancer Res. 2008; Dec 1; 
68 (23): 9987–95.

27. Standish BA, Yang VX, Munce NR, Wong Kee Song LM, Gardiner 
G, Lin A, et al. Doppler optical coherence tomography monitoring 
of microvascular tissue response during photodynamic therapy 
in an animal model of Barrett's esophagus. Gastrointest Endosc. 
2007; 66 (2): 326–33.

28. Hamdoon Z, Jerjes W, Upile T, Hopper C. Optical coherence 
tomography-guided photodynamic therapy for skin cancer: case 
study. Photodiagnosis Photodyn Ther. 2011; 8 (1): 49–52.

29. Themstrup L, Banzhaf CA, Mogensen M, Jemec GB. Optical 
coherence tomography imaging of non-melanoma skin cancer 
undergoing photodynamic therapy reveals subclinical residual 
lesions. Photodiagnosis Photodyn Ther. 2014; 11 (1): 7–12.



Bulletin of RSMU | 4, 2016 | VESTNIKRGMU.RU26

метод     ВИЗУАЛИЗАЦИЯ В МЕДИЦИНЕ

elastography. Phys Med Biol. 2009; 54 (10): 3129–39.
23. Jonathan E, Enfield J, Leahy MJ. Correlation mapping method for 

generating microcirculation morphology from optical coherence 
tomography (OCT) intensity images. J Biophotonics. 2011; Sep; 
4 (9): 583–7.

24. Jung Y, Dziennis S, Zhi Z, Reif R, Zheng Y, Wang RK. Tracking 
Dynamic Microvascular Changes during Healing after 
Complete Biopsy Punch on the Mouse Pinna Using Optical 
Microangiography. PLoS ONE. 2013; 8 (2): e57976.

25. Li H, Standish BA, Mariampillai A, Munce NR, Mao Y, Chiu S, et al. 
Feasibility of Interstitial Doppler Optical Coherence Tomography for 
In Vivo Detection of Microvascular Changes During Photodynamic 
Therapy. Lasers Surg Med. 2006; Sep 1; 38 (8): 754–61.

26. Standish BA, Lee KKC, Jin X, Mariampillai A, Munce NR, Wood 
MFG, et al. Interstitial Doppler Optical Coherence Tomography as 

a Local Tumor Necrosis Predictor in Photodynamic Therapy of 
Prostatic Carcinoma: An In vivo Study. Cancer Res. 2008; Dec 1; 
68 (23): 9987–95.

27. Standish BA, Yang VX, Munce NR, Wong Kee Song LM, Gardiner 
G, Lin A, et al. Doppler optical coherence tomography monitoring 
of microvascular tissue response during photodynamic therapy 
in an animal model of Barrett's esophagus. Gastrointest Endosc. 
2007; 66 (2): 326–33.

28. Hamdoon Z, Jerjes W, Upile T, Hopper  C. Optical coherence 
tomography-guided photodynamic therapy for skin cancer: case 
study. Photodiagnosis Photodyn Ther. 2011; 8 (1): 49–52.

29. Themstrup L, Banzhaf CA, Mogensen M, Jemec GB. Optical 
coherence tomography imaging of non-melanoma skin cancer 
undergoing photodynamic therapy reveals subclinical residual 
lesions. Photodiagnosis Photodyn Ther. 2014; 11 (1): 7–12.



27Bulletin of RSMU | 4, 2016 | VESTNIKRGMU.RU

METHOD    MEDICAL IMAGING

Tarachkova EV1   , Shorikov MA1,2, Panov VO1,2, Kuznetsov VV2, Tyurin IE1,2, Shimanovsky NL3

1 Department of Roentgenology and Radiology,
  Russian Medical Academy of Postgraduate Education, Moscow, Russia
2 Blokhin Russian Cancer Research Center, Moscow, Russia
3 P. V. Sergeev Molecular Pharmacology and Radiobiology Department, Biomedical Faculty, 
  Pirogov Russian National Research Medical University, Moscow, Russia

Е. В. Тарачкова1     , М. А. Шориков1,2, В. О. Панов1,2, В. В. Кузнецов2, И. Е. Тюрин1,2, Н. Л. Шимановский3

Возможности динамической МРТ с контрастным усилением 
в определении  гистологического типа рака шейки матки 

Dynamic contrast-enhanced MRI in determining histological type 
of cervical cancer 

Определение гистологического типа рака шейки матки (плоскоклеточный рак или аденокарцинома) способствует 
выбору наиболее эффективной терапии. В работе описан метод дифференциальной диагностики заболевания с 
использованием динамической магнитно-резонансной томографии с контрастным усилением. Были обследованы 
90 пациенток в возрасте 23–78 лет (средний возраст — 43,5 года) с гистологически подтвержденным раком шейки 
матки стадий IIb–IVb. Сканировали на аппаратах Magnetom Espree 1.5T и Magnetom Skyra 3.0T (Siemens, Германия), ис-
пользуя гадобутрол («Гадовист», Bayer, Германия). На Т1-взвешенных изображениях интенсивность сигнала и скорость 
ее изменения, начиная с 20 с после появления гадобутрола в опухоли, были достоверно выше для аденокарцином, чем 
для плоскоклеточного рака (p <0,04). При этом для плоскоклеточного рака наблюдали две фазы на кривых зависи-
мости интенсивности сигнала от времени после появления гадобутрола в опухоли: короткую фазу относительно мед-
ленного накопления контрастного вещества с последующим выходом на плато или даже снижением сигнала к концу 
наблюдения (125 с). Именно характер накопления гадобутрола позволяет различать гистологические типы опухолей, 
и на основе соответствующих кривых могут быть предложены фармакокинетические модели для опухолей разных 
типов. Постконтрастные изображения полезны для определения степени дифференцировки опухоли. В частности, 
сигнал от высокодифференцированных аденокарцином достоверно наиболее неоднородный (p <0,03). Описанный 
метод не исключает гистологической верификации диагноза и может быть рекомендован как дополнительный диа-
гностический инструмент.

Knowing the histology of cervical cancer (squamos cell carcinoma or adenocarcinoma) is important in deciding on the best 
treatment plan. We have studied the role of dynamic contrast-enhanced magnetic resonance imaging in the differential diagnosis 
of cervical cancer. We examined 90 patients between 23 and 78 years of age (mean age was 43.5 years) with histologically 
distinctive stage IIb–IVb cervical cancers. Scanning was performed on Magnetom Espree 1.5T and Magnetom Skyra 3.0T 
scanners (Siemens, Germany) using gadobutrol (Gadavist by Bayer, Germany). On T1-weighted images, signal intensity and 
its rate of change were significantly higher for adenocarcinomas compared to squamos cell carcinomas (p <0.04) from the 20th 
second after gadobutrol had been delivered to the tumor. With squamos cell carcinomas, the time-intensity curve (showing 
the dependence of signal intensity on the time elapsed after gadobutrol had been delivered to the tumor) had two phases: 
a short phase of a relatively slow accumulation of the contrast agent with the subsequent plateau or even signal intensity 
reduction. The pattern of gadobutrol accumulation allows differentiating between histological types of tumors. Based on the 
resulting curves, a pharmacokinetic model can be described for each tumor type. Postcontrast images are useful in determining 
tumor differentiation grade. Specifically, the signal from a well-differentiated adenocarcinoma is the most inhomogeneous one 
(p <0.03). The method described in this work does not imply that histological analysis is unnecessary and can be recommended 
as a supplementary diagnostic tool. 

Ключевые слова: магнитно-резонансная томография, контрастное усиление, гадобутрол, рак шейки матки, адено-
карцинома, плоскоклеточный рак, дифференциальная диагностика

Keywords: magnetic resonance imaging, contrast enhancement, gadobutrol, cervical cancer, adenocarcinoma, squamos 
cell carcinoma, differential diagnosis
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Parameter Squamous cell carcinoma Adenocarcinoma

Number of patients 74 16

Median age (quantile 1, quantile 3), years 42 (36; 50) 54 (39; 54)

Median lesion volume (quantile 1, quantile 3), cm3 43.6 (22,3; 95,2) 42.2 (24.4; 89.4) 

Tumor grade

low intermediate grade high low intermediate grade high

Number of patients 24 22 6 5 5 5

Median age (quantile 1, quantile 2), years 37 (35; 43) 44 (37; 48) 38 (35; 41) 59 (54; 62) 45 (39; 48) 56 (39; 58)

Median lesion volume (quantile 1, quantile 2), cm3 43,6 
(36.5; 114.6) 

57.6 
(40.2; 211.9)

63,6 
(19.8; 166.3)

87,9 
(56.4; 206.1)

38,2 
(30.1; 72.1) 

54,7 
(35.3; 74.2) 

FIGO stage FIGO IIa, % 28.6 33.3 – – 50.0 50.0

FIGO stage FIGO IIIa, % 19.0 27.8 80.0 – – 50.0

FIGO stage FIGO IIIb, % 23.8 27.8 20.0 75.0 25.0 –

FIGO stage FIGO IVa, % 19.0 5.6 – – – –

FIGO stage FIGO IVb, % 9.5 5.6 – 25.0 25.0 –

Table 1. Distribution of patients with cervical cancer into groups according to tumor histologic type and grade

Note. Lesion volume was measured directly (the sum of tumor square areas on T2-weighted images multiplied by section thickness). Grading was performed in 
67 patients.

Cervical cancer (CC) remains a troubling health issue 
among women of reproductive age [1–6]. About 70–80 % of 
patients with invasive CC are diagnosed with squamous cell 
carcinoma; 10–20 % are diagnosed with adenocarcinoma 
[6, 7]. Adenocarcinomas tend to grow more aggressively, 
form distant metastases more frequently, demonstrate lower 
five-year survival rates, and require an alternative approach 
to treatment, specifically, when deciding on chemotherapy 
drugs [8]. Knowing CC histologic type would ensure timely and 
effective treatment.

Compared to CT and PET-CT, magnetic resonance imaging 
(MRI) has some advantages in detecting and staging localized 
CC; in case of advanced CC, CT and MRI are equally effective. 
PET-CT is recommended for the detection of recurrences and 
metastases in lymph nodes [1, 9, 10]. To differentiate between 
benign and malignant tumors, dynamic contrast-enhanced 
MRI (DCEMRI) is widely used [1]; however, this technique has 
not yet been applied to assess CC histologic types. To attempt 
such assessment, diffusion weighted MR images (DWIs) and 
apparent diffusion coefficient maps (ADC-maps) were used 
[11, 12]. Now, we hypothesized that DCEMRI images can be 
of a higher diagnostic value in the preoperative assessment of 
the histologic type of cervical cancer (squamous cell carcinoma 
or adenocarcinoma) and, possibly, tumor grade, compared to 
DWIs and ADC-mapping or T2-weighted images. Our work 
addresses the following objectives:

– detecting differences between DCEMRI-based intensity 
curves of gadobutrol accumulation for various histologic types 
of CC;

– detecting differences in the intensity and homogeneity 
of signals from various histologic types of tumor tissues using 
delayed postcontrast DCEMRI images;

– detecting differences in the signal intensity between 
various histologic types of CC using fat-suppressed and fat-
unsuppressed T2WIs;

– estimating sensitivity and specificity of DCEMRI in the 
assessment of CC histologic type and grade.

METHODS

The study was carried out at N. N. Blokhin Russian Cancer 
Research Center. It enrolled 90 women aged 23–78 (mean 
age of 43.5 years) with histologically confirmed IIb–IVb cervical 

cancer, median lesion volume of 43.3 cm3 (22.6 and 92.9 
are the 1st and 3rd quantiles, respectively). Patients were 
distributed into groups depending on CC histologic type and 
tumor grade, as shown in table 1. Differences in age and lesion 
volumes between the groups were statistically insignificant 
(p >0.05).

The following inclusion criteria were applied: suspicion of CC 
and a need for an adequate treatment plan in confirmed cases; 
a verified diagnosis of CC requiring a subsequent determination 
of tumor size, invasion depth, parametrial infiltration, and 
damage to lymph nodes and surrounding tissues; elevated 
levels of squamous cell carcinoma antigen (SCCA) in patients 
with ambiguous results of transvaginal ultrasound examination. 
Exclusion criteria were as follows: poor general condition of a 
patient (somatic and pshycic health) that prevented her from 
lying still during the scan; hypersensitivity to the components 
of  magnetic resonance contrast agents (MRCAs); metal 
implants or implanted electronic devices (clips, pacemakers); 
claustrophobia; serious cardiovascular conditions; renal 
insufficiency (glomerulal filtration rate of <30 ml/min);
liver failure;  patient’s weight exceeding the maximum weight 
capacity of the MRI bed.

The patients were asked to stop eating gas-producing 
foods two days before the scan. A day before the scan, they 
were asked to take a standard dose of a laxative, and/or were 
administered an edema 12 h before the procedure. On the 
day of the examination, the patients were allowed to have a 
light breakfast rich in carbohydrates and a minimal amount of 
liquid (no later than 2 h before the examination). The patients 
took 40–80 mg of an antispasmodic (drotaverine marketed as 
No-Spa, by Research Institute of Organic Intermediates and 
Dyes, Russia) per os or, if they were not prone to constipation, 
10 mg of hyoscine butylbromide, an antiperistaltic drug 
(Buscopan Boehringer Ingelheim, Germany). The patients 
were asked to have their urinary bladder filled with only a small 
amount of fluid for the scan.

Scans were carried out on Magnetom Espree 1.5T and 
Magnetom Skyra 3.0T scanners (Siemens, Germany) using 
a multichannel 12-element receiver body coil placed on the 
pelvis and centered 2–3 cm above the pubis, with patients in 
the supine position. The following axial image types were used:

1. fat-unsuppressed Т2-weighted images (Т2WIs);
2. fat-suppressed Т2WIs;
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Image type Fat suppression Sequence type and extra parameters
Slice 

thickness, 
mm

Field of 
view (side), 

mm

Matrix, 
pixel x 
pixel

TR/TE, 
ms

Number of 
accumulations

T2WI
No suppression or 
frequency-selective 
suppression

Turbo spin echo, acceleration factor 
is 17

3 320 384 x 384
6300–

8000/132
1

DWI + ADC-maps
Selective 
suppression with 
inverting pulse

Echoplanar imaging, diffusion 
weighted imaging b-value is 50, 800, 
1000

3–4 400 96 x 196 370/82 6

T1WI before 
MRCA injection, 
T1WI after MRCA 
injection in the 
delayed phase 
(3–4 minutes after 
the injection)

Frequency-selective 
suppression

Volumetric interpolated examination, 
flip angle is 10°

2 240 243 x 320 5.94/2.08 1

DCEMRI T1WI
Frequency-selective 
suppression

Time resolved imaging with stochastic 
trajectories, flip angle is 12°, k-space 
central and peripheral acquisition A is 
51 % and B is 21 %, total observation 
time is 125 s

3 260 192 х 256 4б6/186 1

Table 2. MR-sequences used in the study and their parameters

3. fat-suppressed DWIs with automatic ADC-mapping 
based on b-factor values of 50, 800 and 1000;

4. unenhanced Т1-weighted images (T1WIs);
5. frequency-selective fat-suppressed T1WIs obtained 

during DCEMRI (keyhole imaging) [13], 35 series of 4.8 s each, 
in total. To reduce the contribution of fat-suppressed signal 
heterogeneity and to accurately detect MRCA accumulation 
zone, unenhanced images were subtracted from MRCA-
enhanced images obtained at different time points after MRCA 
administration. After MRCA was delivered to the tumor, the 
observation lasted for 125 s;

6. fat-suppressed delayed T1WIs obtained 3–4 minutes 
after MRCA administration.

Technical parameters of the used sequences are shown in 
table 2.

For DCEMRI, the patients received a 7.5 ml injection of 
1.0 M water-soluble extracellular MRCA gadobutrol (Gadovist 
by Bayer, Germany), which is about 0.1 mmol/kg of a patient’s 
weight, at a rate of 2.5–3.0 ml/s.  Double concentration of 
gadolinium in this formulation allows administering a lower 
amount of this drug and still obtaining high quality images, as 
gadolinium is highly reactive [14]. Gadobutrol is a macrocyclic 
gadolinium-containing formulation with a low risk of inducing 
nephrogenic systemic fibrosis [15].

The following parameters were evaluated using MR images:
• signal intensity, i. e., how bright or dark the object 

is, compared to the surrounding tissues; besides, during 
quantitative analysis, mean signal intensity (SI) in the region of 
interest (ROI) was measured (in arbitrary units);

• signal heterogeneity, i.e., non-uniformity of the object’s 
signal distribution against the surrounding tissues; during 
quantitative analysis, we also assessed the range of signal 
intensity values within ROI. Those values can be treated as the 
absolute standard deviation of signal intensity (SDOSI, a. u.) or 
a ratio of standard deviation to signal intensity (a nondimensional 
value) within ROI.

According to the description, these parameters are available 
for simple visual assessment. However, we can also find their 
reference range using a standard interface of the workstation. 
To measure changes in signal intensity on all image types, we 
used SI and SDOSI data from the manually selected ROIs of 
cervical cancer tissue and gluteus maximus muscle (MR signal 
was normalized to the muscle signal from regions no bigger 

than 15 pixels in size). Thus, signal intensity was additionally 
evaluated as a ratio of SI in the tumor region to muscle SI. 

After subtracting unenhanced MR-images from enhanced 
MR-images, we built time-curves based on DCEMRI data 
(fig. 1) showing changes in SI and its SD and calculated SI 
and SD in the same areas using postcontrast images obtained 
in the delayed phase. For each curve, a point of inflexion 
was determined, past which the rate of MRCA accumulation 
changed. We drew tangent lines to the initial and finishing 
curve segments, and their intersection point was considered 
an inflexion point (a point where the rate of signal intensity 
changes). Because the position of the inflexion point varied, it 
was taken as zero time point t for further calculations. However, 
the tables in this article show time elapsed after gadobutrol 
delivery to the tumor. Relative signal intensity, RSI(t), was 
calculated according to the following formula:

where RSI(t)  is relative signal intensity at a given time 
point t after the inflextion point; SI(0)  is signal intensity at 
inflexion point, SI(t)  is signal intensity at a given time point t 
(here, we use t = 15, 30, 60 and 110 s after the inflexion point).

Statistical processing was done using Miscrosoft Excel 10 
software with Addinsoft XLStat addon (Addinsoft, USA) and 
Statistica 10.0 (StatSoft, USA) using Mann–Whitney, Kruskal–
Wallis and Dunn tests and ROC (reciever operator curves) 
analysis. The study was approved by the Research Ethics 
Committee of the Russian Medical Academy of Postgraduate 
Education (Protocol 8 dated June 14, 2016).

RESULTS

After MRCA administration, we observed a 10–20 s period 
(median of 15 s) of rapid and vigorous accumulation of the 
contrast agent in tumors of both types, with a corresponding 
change in SI after gadobutrol delivery to the tumor (fig. 2). This 
phase ended at the inflexion point of the time-SI curve. Past 
this point, adenoarcinomas exhibited a more intense MR-signal 
change followed by a more rapid uniform accumulation of 
gadobutrol (p <0.003–0.040). For squamous cell carcinomas, 
MR signal intensity was lower 15 s after MRCA administration; 

RSI(t) =
SI(t) – SI(0)

SI(0)
 ×100 %,
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Fig. 1. Magnetic resonance contrast agent accumulation curves obtained on the scanner workstation

An axial section is on the left, obtained from a dynamic contrast-enhanced MR image (80 s after scanning was launched) of a patient with squamous cell carcinoma. 
Regions of interest (ROIs) are shown in different colors. The yellow (1) and red (2) circles show cervical cancer, the green (3) circle shows intact myometrium, the blue 
circle (4) shows a blood vessel. Signal intensity-time curves based on the ROI data are shown on the right. The vertical line designates time elapsed after measurements 
were started (80 s). The horizontal axis shows time elapsed after contrast agent delivery to the tumor (seconds); the vertical axis shows relative signal intensity. A higher 
signal intensity is characteristic of intact myometrium and the vessel.
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for the time-SI curve, two phases were typical: a short phase 
of relatively slow accumulation of the contrast agent (60 s past 
the inflexion point or 15 to 75 s after gadobutrol delivery to the 
tumor) with subsequent plateau or even MR signal reduction 
observed at second 125 after gadobutrol delivery to the tumor.

Differences between adenocarcinoma and squamous cell 
carcinoma detected during the analysis of SI and SDOSI on 
fat-suppressed T2WIs and then on T1WIs obtained during 
DCEMRI and in the delayed phase after MRCA administration 
are shown in tables 3 and 4. On fat-suppressed T2WIs, 
adenomas are characterized by a more intense and more 
homogenous signal, compared to squamous cell carcinomas 
(p <0.03–0.05). With DCEMRI, SI and its rate of change 
on T1WIs were significantly higher for adenocarcinomas 
(p <0.003–0.040) 20 s after gadobutrol had been delivered to the 
tumor and thereafter. On postcontrast images obtained during 
the delayed phase, poorly differentiated adenocarcinomas 
are characterized by a more homogenous signal compared 
to moderately and well-differentiated adenocarcinomas 
and squamous cell carcinomas of any grade, while for well-
differentiated adenocarcinomas, a more heterogenous signal 
is typical, compared to adenocarcinomas and squamous cell 
carcinomas of any grade (p <0.03). No significant differences 
were found for squamos cell carcinomas.

Due to an additional inflexion point appearing on the 
squamous cell carcinoma curve (around second 75 after 
gadobutrol delivery to the tumor), we also assessed the ratio 
of signal intensity at this time point to signal intensity at the 
end point (second 125). For squamous cell carcinoma, this 
ratio was close to 1 (plateau), for adenocarcinoma it was 1.1 
(p <0.02). This parameter and relative signal intensity 75 s after 
gadobutrol delivery to the tumor turned to be the most sensitive 
and specific (table 3). With optimized accuracy (a maximum 
sum of sensitivity and specificity), it was 0.75 for tumors of both 
types. 

ROC-analysis also confirmed that specifics of gadobutrol 
accumulation best characterize the histologic type of a tumor. 
Additional parameters that were significantly different for 
adenocarcinomas and squamous cell carcinomas obtained 
from fat-suppressed T2WIs (SI absolute value, SI of the 
tumor normalized to the SI of the gluteus, and SDOSI) must 

be considered secondary. To understand their contribution, 
a model was built based on the binary logistic regression.  It 
allowed for the assessment of total sensitivity and specificity 
of the method while using a combination of parameters: 
after frequency optimization, their values for adenocarcinoma 
were 0.80 and 0.86, respectively, and for squamous cell 
carcinoma — 0.86 and 0.80, respectively.

Postcontrast images in the delayed phase were useful in the 
assessment of tumor grade: they allow for highly sensitive and 
specific discrimination between poorly and well-differentiated 
adenocarcinomas. The former are characterized by a more 
homogenous signal; their sensitivity and specificity for a 0.90 
area under ROC curve are 0.75 and 0.96, respectively. The 
latter are characterized by a more heterogeneous signal and 
are detected with 1.00 sensitivity and 0.83 specificity for a 0.88 
area under ROC curve. 

With ADC mapping, no significant differences were 
detected  between tumors of two studied types of 15–30 pixels 
in size (p = 0.21).

DISCUSSION

Results obtained by other researchers in quite large samples 
(80 and 112 patients) demonstrated the possibility of detecting 
significant differences between adenicarcinomas and 
squamous cell carcinomas of various grades using the ADC 
mapping technique [11, 12]. The authors emphasize that MRI 
scans can contribute to a more accurate diagnosis or verify 
histological data, thus preventing medical errors. However, 
in both experiments mean ADC was calculated for the entire 
tumor, meaning that each slice where cervical cancer was 
detected had to be processed. This kind of analysis is quite 
time-consuming and can hardly be recommended for clinical 
use even in big specialized centers. We failed to establish a 
connection between ADC and tumor histologic type using 
a simpler measurement technique (ROI of 15–30 pixels). 
Besides, an accurate and precise ADC map is difficult to 
reproduce and construct, especially when only 2 or 3 b-factor 
values [16–18]. Our technique is simpler and easy to apply. 
DCEMRI here matters not only for the diagnosis but for the 
prognosis of CC outcome. Lund et al. [19] report low levels 
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Fig. 2. A typical gadobutrol accumulation curve for two types of cervical cancer (squamous cell carcinoma and adenocarcinoma)

The horizontal axis shows time elapsed after contrast agent delivery to the tumor (seconds); the vertical axis shows relative signal intensity in tumor tissue (the red curve 
shows adenocarcinoma dynamics, the blue curve shows squamous cell carcinoma dynamics).

Parameter p-value Histologic type of cervical cancer Median, a. u. Quantile 1, a. u. Quantile 3, a. u.

Fat-suppressed T2WI

Tumor SI 0.05
Squamous cell carcinoma 250.38 202.38 295.11

Adenocarcinoma 306.57 260.3 309.35

Tumor SI / Muscle SI 0.03
Squamous cell carcinoma 5.97 4.64 6.79

Adenocarcinoma 7.17 5.37 7.81

SDOSI of tumor / SDOSI of 
muscle

0.02
Squamous cell carcinoma 0.15 0.11 0.18

Adenocarcinoma 0.11 0.09 0.15

T1WI obtained during DCEMRI after MRCA administration

RSI(30) 0.01
Squamous cell carcinoma 12.88 4.8 23.21

Adenocarcinoma 25.68 16.27 35.13

RSI(45) 0.02
Squamous cell carcinoma 17.27 7.98 35.98

Adenocarcinoma 36.40 19.18 46.51

RSI(75) 0.005
Squamous cell carcinoma 25.38 7.23 47.73

Adenocarcinoma 52.11 33.53 66.17

RSI(125) 0.002
Squamous cell carcinoma 25.93 6.60 69.97

Adenocarcinoma 71.09 41.34 100.38

SI(125) / SI(75) 0.02
Squamous cell carcinoma 1.00 0.94 1.08

Adenocarcinoma 1.11 1.02 1.21

SDOSI(125) 0.04
Squamous cell carcinoma 42.10 33.70 81.60

Adenocarcinoma 53.70 37.2 81.60

SDOSI(125) / SI(125) 0.02
Squamous cell carcinoma 0.15 0.11 0.21

Adenocarcinoma 0.22 0.17 0.28

Table 3. Median values and the range of differences between studied parameters on fat-suppressed T2-weighted images and T1-weighted images after gadobutrol 
injection to the region of interest (no smaller than 15 pixels) for cervical cancer of two histologic types (squamous cell carcinoma and adenocarcinoma)

Note. SI is signal intensity; RSI(t) is relative signal intensity on T1-weighted images obtained during dynamic contrast-enhanced MRI at time point t (seconds) 
after gadobutrol delivery to the tumor; SDOSI is standard deviation of signal intensity. Significance of differences was assessed using Mann–Whitney test.
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Table 4. Median standard deviation of signal intensity and its range on postcontrast T1-weighted images in the delayed phase after gadobutrol injection for cervical 
cancers of two histologic types (squamous cell carcinoma and adenocarcinoma) and different grades

Note. Significance of differences was assessed using Kruskal–Wallis test and then confirmed by Dunn’s paired test. * — p <0.03.

Histologic type Tumor grade Median SD, a.u. SD quantile, a.u. SD quantile 3, a.u.

Squamous cell carcinoma

Low 47.55 37.80 52.70

Intermediate 34.25 30.00 46.50

High 32.10 28.70 41.40

Adenocarcinoma

Low 25.65* 24.95* 29.75*

Intermediate 38.30 33.20 39.00

High 57.20* 56.00* 68.10*
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of contrast enhancement during DCEMRI associated with a 
poorer prognosis, compared to a higher level of enhancement.

Besides, DCEMRI detected differences between MRCA 
accumulation curves of squamous cell carcinomas and 
adenocarcinomas. Therefore, it might be possible to build a 
two-compartment pharmacokinetic model [20] of gadobutrol 
accumulation (blood-tumor tissue) for adenocarcinoma, and 
a more complex three-compartment model for squamous cell 
carcinoma. The latter could be explained by the presence of 
(or, possibly, partial preservation of) a basement membrane on 
the inner mucosal layer of the cervix, and this can influence the 
choice of treatment, as it determines the type of blood circulation 
and eventually tumor bioaccessibility to chemotherapy drugs.

 

CONCLUSIONS

Contrast-enhanced dynamic magnetic resonance 
imaging allows detecting histologic type of cervical cancer 
(adenocarcinoma or squamous cell carcinoma) with high 
accuracy prior to excision using contrast agent accumulation 
data obtained from T1-weighted images; it also allows 
detecting adenocarcinoma grade based on the analysis of 
postcontrast images (in such adenomas, the signal is the most 
heterogeneous). However, our technique does not exclude 
the need for biopsy or other types of histological verification 
of the diagnosis and can be recommended as an additional 
diagnostic tool only. 
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МРТ-визуализация опухолей с контрастным усилением 
гадопентетовой кислотой, соединенной с циклодекстрином 
сложноэфирной связью

Contrast enhanced MRI of tumors using  gadopentetic acid linked 
to cyclodextrin by an ester bond

В настоящее время широко используют диагностическую процедуру на основе магнитно-резонансной томографии 
с применением контрастных средств, из которых наиболее часто применяют гадопентетовую кислоту (Gd-ДТПА, ле-
карственная форма — препарат «Магневист»). Данная работа посвящена изучению релаксирующей способности 
Gd-ДТПА, ковалентно соединенного с β-циклодекстрином, и сравнительной оценке визуализирующей способности 
изучаемого соединения и «Магневиста». Показано, что высокой релаксирующей способностью обладает комплекс 
Gd-ДТПА, состоящий из 80 % монопроизводного Gd-ДТПА-β-циклодекстрина и содержащий по 10 % ди- и три-
производного Gd-ДТПА циклического углевода. Остатки Gd-ДТПА соединены с β-циклодекстрином сложноэфирной 
связью, где –СООН относится к ДТПА, а ОН — поверхностные гидроксилы β-циклодекстрина. Экспериментально 
доказано, что изучаемое соединение не обладает токсичностью в диагностических концетрациях. Визуализирующая 
способность аналогичная «Магневисту» может быть достигнута введением меньшего, до 50 %, количества препарата.

Contrast-enhanced magnetic resonance imaging has become a routine diagnostic procedure. One of the most common 
contrast agents used for MRI is gadopentetic acid (Gd-DTPA, marketed as Magnevist). In this work, we studied the relaxivity of 
Gd-DTPA covalently bonded to β-cyclodextrin and compared enhancement properties of this compound and Magnevist. Our 
work demonstrated high relaxivity of Gd-DTPA complex containing 80 % of Gd-DTPA-modified β-cyclodextrin mono-derivative, 
10 % of Gd-DTPA-modified β-cyclodextrin di-derivative and 10 % of Gd-DTPA-modified β-cyclodextrin tri-derivative. Gd-DTPA 
residues were linked to β-cyclodextrin by an ester bond, in which a COOH group belongs to DTPA and OH is a β-cyclodextrin 
surface hydroxyl group. It was proved experimentally that the studied compound is not toxic in concentrations necessary for 
diagnostic procedures. Compared to Magnevist, it can provide similar enhancement when used in just half of the equivalent 
amount.

Ключевые слова: гадолиний, диэтилентриаминопентауксусная кислота, β-циклодекстрин, опухолевые клетки, фиб-
робласты, релаксивность, визуализация опухоли

Keywords: gadolinium, diethylenetriaminepentaacetic acid, β-cyclodextrin, tumor cells, fibroblasts, relaxivity, tumor visualization
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was placed in a cuvette for X-ray fluorescence analysis that 
was performed subsequently. 1 ml volumes were selected to 
ensure complete wetting of cuvette surface and measurement 
uniformity. Quantitative assessment of the ligand (chelator) 
and CD-based complex content in the synthesized samples 
was performed using mass spectrometry. ESI-MS spectra 
were registered with the Agilent LS/MS 1100 SL ion trap mass 
spectrometer (Agilent Technologies, USA) using electrospray 
ionization (ESI) in the positive/negative ion mode. The results 
are presented in table 1.
Т1 relaxometry was performed on the ClinScan MRI scanner 

by Bruker BioSpin, Germany (field strength of 7 Tesla, proton 
resonant frequency of 300 MHz). Tubes filled with various 
concentrations of the experimental compounds were placed in 
water for fine tuning of the magnetic field. Then, data acquisition 
was performed. Magnevist aqueous solution was used as 
a control (Magnevist concentration was identical to that of the 
studied compounds). Relaxation time (Т1) was calculated using 
Turbo Inversion Recovery sequence [8]. Signal intensity from 
each sample was measured using ImageJ software (National 
Institutes of Health, USA). Т1 values of the studied compounds 
were computed using the following formula:

where SI is signal intensity; Т1 is spin-lattice relaxation time; TI 
is inversion time; TR is repetition time; TE is echo time; α is an 
impulse deflection angle.

Computation was done using Mathcad software (PTC, 
USA). Imaging capacity of the studied samples was evaluated 
based on Т1 values using the ClinScan MR scanner by Bruker 
BioSpin, Germany (field strength of 7 Tesla, proton resonant 
frequency of 300 MHz) and a two-segment surface receiver 
coil. First, fast orthogonal Т1-weighted images (WIs) were 
obtained. Then, coronal fat-suppressed Т2-weighted images 
were obtained using Turbo Spin Echo impulse sequence 
(TR = 2220 ms, TE = 49 ms, section thickness of 1 mm, 
16 sections, matrix of 320 × 320, FOV read = 50 mm, BLADE 
K-space trajectory with 100 % coverage). Axial fat-suppressed 
Т2-WIs were obtained using Turbo Spin Echo sequence 
(TR = 3310 ms, TE = 51 ms, section thickness of 1 mm, 
26 sections, matrix 256 × 256, FOV read = 40 mm). Prior to 
MR scanning, each animal was anesthetized with 6 mg chloral 
hydrate diluted in normal saline. The animals fell asleep 4 to 
10 minutes after the injection. Unenhanced control scans 
were performed in multiple positions for 20 minutes. Then, the 
animals received retro-orbital and intraperitoneal injections of 
Magnevist (the comparator) or the experimental compound 
in the amount of 1 mg of Gd per mouse (2 × 10−3 mmol of 
Magnevist, 1.5 × 10-3 mmol or К14-1). Retro-orbital route of 
administration was used instead of tail vein injections. Then, 
dynamic MRI was performed (fig. 1–4). After the experiment, 
the animals were sacrificed. 

To assess how the experimental compound was 
accumulated in tumor tissues, we analyzed signal intensity in 
the tumor before and after 2 × 10−3 mmol of К14-1 or Magnevist 
had been administered. We selected a tumor region on the 
MR image and a similar region on the contralateral side and 
calculated average signal intensities (SIс and SIn, respectively). 
Average noise levels were measured in the areas outside the 
mouse body. For each compound, contrast-to-noise ratio 
(CNR) at a specific time point was calculated according to the 
following formula:

SI = k ∙ (1 − (1 − cosα) · e   − 2 ∙ cosα · e   + cosα · e   ),
TR
T
1

TI
T
1

TETR −
2

T
1

Gadolinium enhancement is a must in cancer diagnosis 
assisted by magnetic resonance imaging (MRI). The most 
common contrast agent is gadopentetic acid (Gd-DTPA, 
marketed as Magnevist). Gd-DTPA-enhanced MRI is highly 
informative; however, it must be ordered with caution due to 
a risk of nephrogenic systemic fibrosis that can be induced 
by gadolinium release from the chelate in patients with slow 
Gd-DTPA clearance [1]. Therefore, finding a chelating agent 
with increased relaxivity (imaging capacity) remains a high 
priority issue, since it can facilitate switching to lower doses 
of the contrast agent and thus reduce the risk of nephrogenic 
systemic fibrosis. Cyclic hydrocarbons, such as α-, β- and 
γ -cyclodextrins (CDs) [2], may have good prospects here, as 
they are already enjoying a wide application in pharmacy as 
solubilizers for poorly soluble compounds and are employed  in 
other  areas of science and engineering [3].

A CD has an ability to selectively form inclusion complexes 
with other molecules, ions and even radicals that determines 
its role in basic and applied research. CDs can form complexes 
in solutions and in the solid phase; a good example would be 
CD-based chemical sensors whose mechanism of action has 
been well studied [4].

Gadolinium-based contrast agents are not manufactured in 
Russia. This fact seriously limits the scope of pathologies that 
could be detected on MRI (malignant tumors in the first place) 
and impedes treatment monitoring.

The potential of cyclodextrins in the development of 
gadolinium-containing contrast agents makes them an attractive 
research object. Cyclodextrins have good prospects due to the 
availability of hydroxyl groups on the molecule surface and the 
ability to form inclusion compounds. Numerous attempts to 
create gadolinium-modified cyclodextrins demonstrated that 
gadolinium relaxivity in such complexes significantly increases 
[5, 6]. However, their imaging capacity in vivo has not been 
studied yet.

The basic requirements for a CD-based complex compound 
are as follows: small molecule size (<5.0 nm); nontoxicity (the 
molecule must remain nontoxic and stable when exposed 
to physiological conditions for several hours); the chemical 
bond between a Gd3+-based complex compound and a CD 
is expected to break inside the body; a Gd3+ complex must be 
stable at pH = 6.0–8.0.

The aim of this work was to evaluate relaxivity of Gd-DTPA 
linked to β-CD by an ester bond and to compare MRI scans 
enhanced with the experimental compounds and Magnevist.

METHODS

The following reagents were used in the experiment: reagent 
grade diethylenetriaminepentaacetic acid, melting point above 
219 °С; β-cyclodextrin (β-CD, Aldrich, USA), purity >99 %; 
Gd(NO3)3·6H2O (Aldrich, USA), purity of 99.99 %; reagent grade 
or chemically pure organic solvents. Synthesis of gadopentetic 
acid linked to β-CD was performed according to the patent [7].
In total, 5 samples were synthesized. Their properties are 
described in table 1. Magnevist (Bayer, Germany) was used 
as a comparator. Gadolinium concentration in the experimental 
formulations (aqueous solutions with pH 7.2 ± 0.2) was 0.3 М.

Gd content in the samples was measured on the X-ray 
fluorescence analyzer Х-Art М (Comita, St.Petersburg). The 
weighted amount of the substance was dissolved in distilled 
water to a concentration of 30 mg/ml. 1 ml of the obtained 
solution was placed into a special cuvette. Then, 1 ml of distilled 
water was added to the solution, 1 ml of the obtained sample 

SIс − SIn
SN

CNR =
.
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Fig. 1. MR images of mice with transplanted tumors (А — Са755, B — LLC and C — В16) before contrast administration

А B C

We also compared time-dependent accumulation of gadolinium 
in pathological and normal tissues by computing signal-to-noise 
ratio (SNR) in tumor and healthy tissues at each time point: 

Figure 5 shows dependency between SNR  values and time 
relapsed after i. v. injection of K14-1 and Magnevist in mice with 
transplanted melanoma.

Bio-experiments

The experiments were carried out on С57BL/6 male and 
female mice (weight of 18–20 g) and Wistar male and female 

rats (weight of 150–200 g) provided by Stolbovaya breeding 
nursery. All animals had a veterinary certificate (Form 1).

The experimental model complied with the guidelines for 
preclinical laboratory studies of novel formulations [9, 10]. For 
MRI-based assessment of imaging capacity of synthesized 
compounds, three mouse cancer cell lines from different tissue 
types were ordered from the Cell Bank of N. N. Blokhin Russian 
Cancer Research Center, namely, Lewis lung carcinoma LLC1, 
breast adenocarcinoma Ca755 and melanoma В16-F10.
Cancer cell transplantation was performed in compliance with 
standard regulations [9–11]. A suspension of cancer cells 
(4 × 106 cells per mouse) was subcutaneously injected in 
the mouse thigh. The experiment went on after tumors had 
reached a 1 cm diameter.

SI
SN .

SNR =

Sample code Compound Content, % Relaxivity, (mmol/l)-1•s-1 Gd content in the sample, %

К12В-1

CD-DTPA 20

5.13 10.0

Gd-DTPA 10

CD-Gd-DTPA 20

CD-Gd-2DTPA 10

CD-2(Gd-DTPA) 15

CD-3-2Gd-DTPA 25

К12В-2

CD-DTPA 7

5.54 9.0

Gd-DTPA 8

CD-Gd-DTPA 40

CD-2-Gd-DTPA 15

CD-2(Gd-DTPA) 15

CD-3-Gd-DTPA 15

К13-1
CD-Gd-DTPA 80

5.81 12.0
CD-3(Gd-DTPA) 20

К13-2

CD-Gd-DTPA 60

6.29 11.8CD-2(Gd-DTPA) 30

CD-3(-Gd-DTPA) 10

К14-1

CD-Gd-DTPA 80

6.08 12.3CD-2(-Gd-DTPA) 10

CD-3(-Gd-DTPA) 10

Magnevist
Gd-DTPA 99

4.22 17.0
DTPA 1

Table 1. Т1-relaxivity and properties of the obtained samples 
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Fig. 2. MR images of mouse breast adenocarcinoma Ca755 5 minutes after injecting (А) Magnevist and (B) K14-1. The tumor area is circled

Fig. 3. MR images of mouse Lewis lung adenocarcinoma LLC 5 minutes after injecting (А) Magnevist and (B) K14-1. The tumor area is circled

Fig. 4. MR images of mouse melanoma B16 5 minutes after injecting (А) Magnevist and (B) K14-1. The tumor area is circled

А

А

А

B

B

B
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Fig. 5. The curve shows dependency between signal-to-noise ratio in normal and tumor tissues and time elapsed after the injection of the studied contrast agents 
(A — Magnevist; B — K14-1) in mouse melanoma B16-F10
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Acute toxicity tests. The animals received single intravenous 
doses of 3,000, 6,000, 9,000, 12,000 and 15,000 mg/kg of 
the studied compounds. Observation lasted for 30 days. Acute 
toxicity assessment was based on the number of animals found 
dead during the test and the day of their death [9].

Cytotoxicity of the studied compounds was assessed 
according to the guidelines [9] using the MTT-assay [12]. Color 
development was measured by detecting optical density of 
the sample at 530 nm wavelength using a plate photometer 
(AIFR-01 UNIPLAN Immunoassay Analyzer by PIKON, Russia).  
Percentage viability was defined as the ratio of the average 
optical density of the studied compound at a given concentration 
to the average optical density of the control sample. Data 
were processed using the Mann-Whitney nonparametric test. 
Difference was considered statistically significant with p <0.05.

Fibroblast preparation. A parietal bone consists of actively 
proliferating cells. The bone of a neonatal rat was isolated 
aseptically. Briefly, after decapitation and surface sterilization, 
the skin was removed and the parietal bone was taken out. The 
parietal bone (1 cm2 in size) was placed into a sample bottle 
with DMEM culture medium (PanEco, Russia) and cut into 1–2 
mm3 fragments. Then, the medium with tissue fragments was 
placed onto the bottom of 50 ml Costar flat-bottom culture 
flasks by Corning, USA (bottom square area of 25 cm2), 
positioned at a 45° angle and incubated for 30 minutes at 
37 °С. The fragments adhered to the inclined surface. 
30 minutes later, the medium was removed, the flasks were 
repositioned horizontally and 10 ml of DMEM were added 
supplemented with 20 % heat-activated fetal bovine serum, 
100 µg /ml of L-glutamine and 40 µg /ml of gentamicin sulfate. 

Fibroblasts were cultured under sterile conditions. The 
cells were incubated at 37 ºС and 5 % СО2. All procedures 
were carried out in the LС laminar flow cabinet (Laminar 
Systems, Russia). A week later, patches of cell monolayers 
were observed on the flask surface. For better distribution, the 
cells were treated with trypsin; another week later, a multilayer 
culture was obtained. 

Data were statistically processed using GrapthPad Prism 
software (GraphPad Software, USA).

RESULTS

Т1-relaxivity values of the synthesized Gd-DTPA-CD compounds 
and Magnevist are presented in table 1. Т1-relaxivity of all 
synthesized samples is higher, compared to Magnevist, but 

the highest relaxivity is demonstrated by К14-1, К13-1 and 
К13-2 samples. The β-CD compound (sample code К14-1) has 
a number of advantages over the comparator: its Т1-relaxivity 
is 50 % higher, compared to Magnevist, while gadolinium 
concentration in it is 40 % lower. It means that malignant 
tumors can be visualized using lower gadolinium doses while 
retaining the same quality of MR images and reducing the risk 
of complications. 

Experiments on animals were carried out in compliance 
with international guidelines [13]. Intravenous injections of 
3,000–6,000 mg/kg of the studied samples did not induce 
toxicity in rats of both genders. Death was observed in male 
and female rats at 9,000 mg/kg and over. The animals died 
no earlier than 24 hours after the injection. The animals who 
received sublethal doses retained normal weight during the 
observation. Autopsy did not detect any visual changes in 
the organs. Males were more sensitive to Gd-DTPA-CD than 
females; 2 out of 6 females and 1 out of 6 males survived after 
receiving 12,000 and 15,000 mg/kg of the compound. LD50 
was 7 ± 1 mmol/kg.

Sample К14-1 did not exhibit significant toxicity toward rat 
fibroblasts at all studied concentrations (table 2).

DISCUSSION

Considering the criteria for imaging capacity required of MR 
contrasting agents, namely, the maximum content of Gd3+ 
paramagnetic ions and the maximum relaxivity value (table 1), 
we selected samples К13-1, К13-2, К14-1, К14-2 for in vivo 
assessment of the diagnostic value of MRI enhanced with these 
compounds. The best tumor enhancement was observed 
with К14-1 sample (fig. 1–4). With Magnevist and β-CD (code 
K14-1), enhancement quality was practically the same, 
although a covalently bonded Gd-DTPA — β-CD complex 
contains 40 % less gadolinium than Magnevist. Animals with 
transplanted tumors received the same amounts of gadolinium, 
but the β-CD derivative (code К14-1) substantially increased 
magnetic resonance signal in well vascularized tumors, such 
as breast adenocarcinoma Ca755, compared to Magnevist, 
which is definitely an advantage (fig. 5).

Cytotoxic effects of various concentrations of К14-1 and 
Magnevist were evaluated based on cell viability in the following 
cell cultures: Lewis lung carcinoma LLC1, melanoma B-16 
and breast adenocarcinoma Ca755. With K14-1, results of 
all cytotoxicity tests in B16-F10, LLC1, and Ca755 cell lines 
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Table 2. Comparison of Magnevist and β-CD derivative (sample К14-1) effect on 
rat fibroblast viability

Note: # — data are presented as percentage from the control; the control is 
taken as 100 %.

К14-1 concentration,
% (mM in 100 ml solution)

Cell viability, %#

Magnevist К14-1

10 (2.55·10-3) 17* 124

1 (2.55·10-4) 73* 117

0.1 (2.55·10-5) 123 135*

0.01 (2.55·10-6) 127* 140*
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were similar (cell growth was inhibited): IC50 = (1÷2) × 10−4 М; 
IC90 = (0.2 ÷ 0.5) × 10−4 М. IC50 computed for К14-1 fell within 
the range of standard cytotoxicity values suggested for active 
compounds (IC50 ≤ 10−4 М), therefore, we conclude that sample 
К14-1 does not exhibit conspicuous toxicity.

Biological activity of gadolinium compounds was assessed 
using normal fibroblasts of the rat parietal bone. These cells 
are highly viable and easy to culture in vitro. Fibroblasts are a 
common test object in the assessment of toxicity of various 
compounds [10].

Unlike Magnevist, sample К14-1 did no exhibit significant 
toxicity toward rat fibroblasts. Magnevist reduced cell viability 
by 83 and 27 % at 10 and 1 % concentrations, respectively 
(table 2).

CONCLUSIONS

Magnevist, a contrast agent for MRI enhancement, and a 
modified Gd-DTPA-CD complex (sample К14-1) have relatively 

equal imaging capacity in mice with transplanted tumors. 
Sample К14-1 is original and easy to formulate; it exhibits high 
relaxivity and allows using 40–50 % less gadolinium for in vivo 
imaging, compared to Magnevist, thus reducing the risk of 
adverse effects, such as nephrogenic systemic fibrosis. Gd-
DTPA-CD provides better enhancement in well vascularized 
tumors, compared to Magnevist.
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Возможности ядерной медицины в диагностике деменций

Nuclear medicine imaging in dementia 

В работе представлено мнение о применимости различных методов ядерной медицины для диагностики, в том чис-
ле дифференциальной, различных деменций. Перфузионная однофотонная эмиссионная компьютерная томография 
с эксаметазимом и позитронно-эмиссионная томография с 18F-фтордезоксиглюкозой высокочувствительны и вы-
сокоспецифичны и рекомендуются для широкого применения в клинической практике. Эффективность визуализа-
ции распределения амилоида при выявлении болезни Альцгеймера остается под сомнением, так как накопление 
амилоида характерно для пациентов с другими деменциями. Визуализация распределения переносчиков дофамина 
с 123I-иофлупаном крайне эффективна в диагностике болезни Паркинсона и деменции с тельцами Леви: ее результаты 
могут обусловливать коррекцию тактики лечения. Дальнейшее развитие методов, скорее всего, будет заключаться в 
разработке новых радионуклидных маркеров к таким мишеням, как клетки микроглии и нейрофибриллярные клубки.

In this work the authors share their opinion on the role of nuclear medicine imaging in the diagnosis and differential diagnosis 
of dementias. Perfusion single–photon emission computed tomography using 99mTc-exametazim and 18F-fluorodeoxyglucose 
positron emission tomography are highly sensitive and specific; they are recommended for a wide range of clinical applications. 
The efficacy of amyloid imaging in Alzheimer’s is still a matter of discussion, because amyloid accumulation is also typical in 
patients with other dementias. Dopamine transporter imaging using 123I-ioflupane is a very reliable diagnostic tool for Parkinson’s 
disease and Lewy body dementia, and can help to adjust treatment strategies. Further evolution of nuclear medicine methods will 
most likely include the development of new radionuclide tracers for such targets as microglial cells' activation and neurofibrillary 
tangles.
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Improvements in life expectancy in the western world are 
concomitant with increasing prevalence of age-associated 
diseases, among which dementias amount to 1.5 %. Of 
all dementia cases, 70 % account for Alzheimer’s disease 
(AD) and 2 0% are vascular dementias. In 2010 there were 
35 million people living with various dementias worldwide, with 
the highest disease prevalence registered in Latin America [1].

Single-photon emission computed tomography (SPECT) 
and positron-emission tomography (PET) are nuclear medicine 
techniques used to diagnose dementia at early stages. Just 

like our colleagues from other countries, here in Russia we use 
a 99mTc-exametazime, a technetium-based radiopharmaceutical 
(RP) for SPECT imaging of regional cerebral blood flow (rCBF). 
For PET, 18F-fluorodeoxyglucose (FDG) is used to evaluate the 
rate of glucose metabolism. When deciding on the nuclear 
medicine technique to monitor patients with neurodegenerative 
diseases, the doctor should bear in mind the patterns of 
RP distribution in the brain tissue that largely determine diagnosis 
accuracy and, therefore, help to elaborate a better treatment 
strategy. Here, we discuss the value of some radionuclide 
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Fig. 1. Brain perfusion SPECT with 99mTc-exametazime, axial sections. (A) Intact 
brain perfusion. (B) Perfusion pattern typical for Alzheimer’s disease (reduced 
perfusion in the parietal cortex). (C) Perfusion pattern typical for frontotemporal 
degeneration (reduced perfusion in the frontal cortex). (D) Perfusion pattern 
typical for Lewy body dementia and similar to Alzheimer’s; reduced perfusion is 
observed in the occipital cortex (Dierckx et al. [2])

А B

C D

neuroimaging techniques for the differential diagnosis of 
dementias and treatment monitoring and talk about further 
advances in this area of research.

 

Clinical efficacy of perfusion SPECT with 
99mTc-exametazime

We believe that perfusion SPECT with 99mTc-exametazime 
is one of the most effective techniques used to diagnose 
neurodegenerative diseases. It allows diagnosing and 
differentiating between dementias due to various patterns 
of RP distribution in the brain (fig. 1) [2]. A pattern typical 
for frontotemporal degeneration (FTD), namely, prevailing 
hypoperfusion in the frontal cortex, differs significantly from 
the AD pattern (hypoperfusion in the parietal, prefrontal and 
posterior temporal cortices) [3]. SPECT is the least effective 
for differentiating AD from dementia with Lewy bodies  (DLB), 
because imaging patterns of these two disorders are very 
similar. Dougall et al. [4] report 71.5 % sensitivity and 78.2 % 
specificity of SPECT when differentiating between AD and FTD; 
with AD and vascular dementia, the corresponding figures were 
71.3 and 75.9 %. When diagnosing AD by comparing patterns 
of RP distribution in patients and healthy individuals, sensitivity 
and specificity were 66.0 and 79.0 %, respectively. Yeo et al. 
[5] provided slightly different statistics: pooled sensitivity and 
specificity of the method in the differential diagnosis of AD and 
FTP were 79.7 and 79.9 %, respectively; for AD and vascular 
dementia the figures were 70.2 and 76.2 %, respectively; when 
comparing patients with AD and healthy individuals, the figures 
were 76.1 and 85.4 %, respectively. 

The potential of perfusion SPECT as a monitoring tool in the 
treatment of neurodegenerative disorders has not been studied 
properly. Efimova et al. [6] demonstrated that brain perfusion 

and cognitive function improve in the course of antihypertensive 
therapy by comparing screening results before treatment and 
six months after it. Murashko [7] studied brain perfusion in 
patients with hypertonic encephalopathy and demonstrated 
that therapy with cavinton improved brain perfusion. However, 
the study sample was too small, and there was no control 
group. Another important observation was made by Nobili 
et al. [8], who performed repeat brain perfusion SPECT scans on 
patients with AD after starting therapy with acetylcholinesterase 
inhibitors. They showed that if cognitive function was intact, 
brain perfusion pattern did not change significantly, while 
in patients with deteriorated cognitive function, who were 
undergoing treatment, rCBF was reduced. We believe that 
perfusion SPECT can be a promising tool in the assessment 
of medication efficacy and prediction of the disease outcome. 
However, this method still requires further longitudinal studies.

In Russia, perfusion SPECT is not included into the 
state-approved standard of medical care. Besides, it is 
quite expensive, therefore, is not used widely. We think that 
professional medical community should call for the inclusion 
of this method into the standard of the specialized medical 
care for patients with Alzheimer’s disease and other dementias, 
given that the equipment necessary for scanning procedures is 
available in most regional centers. 

Clinical efficacy of PET with 18F-fluorodeoxyglucose

We believe that PET with 18F- fluorodeoxyglucose can be 
used for diagnosing neurodegenerative diseases in the same 
cases as perfusion SPECT, because patterns of glucose 
hypometabolism and hypoperfusion are similar: glucose 
utilization and brain regional perfusion are linked [9]. Both 
hypoperfusion regions detected by perfusion SPECT with 
99mTc-exametazime and hypometabolism regions found on 
PET with 18F-FDG reflect structural changes in the brain [10]. 
PET has a better resolution and 18F-FDG is a more stable 
radionuclide tracer than 99mTc-exametazime, which makes this 
method highly accurate. Davison et al. [11] compared PET with 
18F-FDG and perfusion SPECT with 99mTc-exametazime and 
found that SPECT sensitivity and specificity were 85.0 and 
87.0 %, respectively, while PET sensitivity and specificity were 
99.0 and 93.0 %, respectively. However, the authors note 
that the number of works confirming their findings is low and 
emphasize the necessity of direct prospective comparative 
studies in this area of research. 

We would like to draw the reader’s attention to the work by 
Kato et al. [12] in which reduced perfusion in inferior parietal 
lobe, precuneus and posterior cingulate gyrus is described as a 
predictor of mild cognitive impairment evolution into Alzheimer’s 
disease, in addition to the already known patterns of reduced 
glucose uptake.

We believe that PET scanning should be used to differentiate 
between dementias only when other methods have failed and 
under the condition that scan results will influence the treatment 
strategy. Specifically, PET with 18F-FDG can be used to support 
AD diagnosis based on the results of neuropsychological 
testing, if CT or MRI showed no changes in the brain matter 
and SPECT findings are ambiguous. 

PET in amyloid imaging

For brain amyloid imaging, 11C-Pittsburgh compound B is 
used. Its clinical application was first described in 2004 [13]. 
Due to the short half-life of 11C, 18F-based RPs were developed, 
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Fig. 2. SPECT with 123I-ioflupan shows distribution of dopamine transporters. 
The picture shows axial sections at the striatal level. Left: a section obtained from 
a healthy volunteer. Right: a section obtained from a patient with Parkinson’s 
disease (Hauser et al. [15])

including florbetapir, florbetaben and flutemetamol (all approved 
by American Food and Drug Administration).

We believe that clinical importance of scanning that makes 
use of RPs exhibiting affinity to amyloids is questionable. This 
method is very cost-ineffective and can not be included into 
standard screening procedures. We do not recommend it for 
the differential diagnosis of dementias, as amyloid plaques can 
be visualized in patients who do not have AD or suffer from 
other dementias. In about 20 % of cases, amyloid accumulation 
is observed in patients with clinically verified FTD, which can 
be explained by the similarity of AD and FTD symptoms or 
by concomitant AD and FTD pathologies [14]. About 89 % of 
patients with DLB accumulate RPs with affinity to amyloids. 
Still, it is not a false positive result, but rather a reflection of 
a pathophysiological process [2].

We do not recommend amyloid imaging for the assessment 
of dementia severity and therapy progress, because amyloid 
deposition is markedly slowed after the onset of mild cognitive 
impairments. From that moment, amyloid imaging becomes 
ineffective, as amyloid accumulation surrenders its leading role 
in cognitive function deterioration to the structural changes in 
the brain. Perfusion SPECT or PET with 18F-FDG describe the 
course of the disease better.

Dopamine transporter imaging

The reduced number of dopamine transporters in the putamen 
is a hallmark of Parkinson’s disease and Lewy body dementia. 
Visualization of dopamine transporter distribution in patients is 
performed using 123I-ioflupan.  It has a high affinity to dopamine 
transporters and binds to them in the striate bodies. SPECT 
scanning can evaluate their number reduction (fig. 2) [15].

This method can be recommended for clinical use, as it is 
a highly effective diagnostic tool: with DLB, its sensitivity is over 
70.0 % and specificity is over 90.0 % [16]. We believe that scan 
results can be a basis for the adjustments in the treatment plan. 
A randomized study conducted by Walker et al. [17] confirmed 
that if the scan result is positive (suggesting DLB), doctors 
make necessary corrections to the diagnosis and treatment 
strategy. Wide clinical application of this method is restricted 
by 123I-ioflupan high price. 

CONCLUSIONS

Radionuclide techniques are effective ancillary tools in the 
diagnosis and differential diagnosis of dementias, especially at 

early stages of the disease when morphological changes in the 
brain have not yet set in. Available in Russia, perfusion SPECT 
and PET are highly sensitive and specific. They are also very 
effective as a monitoring tool for assessing the progress of the 
neurodegenerative disease when combined with longitudinal 
studies, but their application is restricted by a high price of 
radionuclide tracers. 

We believe that dopamine transporter imaging is highly 
effective and can be used to diagnose Lewy body dementia 
and parkinsonian syndromes along with the development 
of novel RPs. At the same time, amyloid imaging is the least 
effective in the differential diagnosis of various dementias due 
to the high cost of RPs and difficult interpretation of the results. 
We recommend this scanning procedure should be introduced 
in a few federal medical centers for studying complicated cases 
of dementias at early stages and conducting scientific research; 
new radionuclide tracers should be developed in cyclotron 
radiochemistry labs in parallel.

Further evolution of nuclear medicine techniques for the 
diagnosis of neurodegenerative diseases will depend on the 
development of more specific radionuclide tracers, including 
those that detect microglial cells activation (11С-PK11195) 
[18]. Another potential target for diagnostic imaging in patients 
with dementias is neurofibrillary tangles. At the moment, new 
RPs are being developed for their targeting. However, one of 
such radionuclide tracers, 18F-FDDNP, is still less effective than 
Pittsburgh compound B and 18F-FDG in predicting the disease 
progress [19].
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Посмертная МРТ для диагностики врожденной пневмонии

Postmortem magnetic resonance imaging in the diagnosis 
of congenital pneumonia

Врожденная пневмония — одна из основных причин гибели детей в неонатальном периоде. В работе оценена 
возможность применения посмертной магнитно-резонансной томографии для диагностики врожденной пнев-
монии на аутопсийном материале. Исследовали тела 21 умершего новорожденного. До аутопсии проводили МРТ-
исследование на аппарате 3T Magnetom Verio (Siemens, Германия) в стандартных Т1 и Т2 режимах. На томограм-
мах анализировали интенсивность сигнала от ткани легких, плевральной жидкости и воздуха и рассчитывали по-
казатель воздушности — отношение интенсивности сигнала от жидкости в плевральной полости к интенсивности 
сигнала от ткани легких. Затем проводили патологоанатомическое вскрытие и по результатам изучения гистоло-
гических препаратов все наблюдения разделили на две группы: в основную группу включили тела 9 новорожден-
ных, умерших от врожденной пневмонии, в группу сравнения — тела 12 умерших новорожденных без признаков 
пневмонии. Интенсивность сигнала от ткани легких новорожденных с врожденной пневмонией была выше анало-
гичного показателя в группе сравнения: на 26,5 и 12,9 % в левом и правом легком соответственно на Т1-взве-
шенных изображениях (p >0,05) и на 23,7 и 31,2 % — на Т2-взвешенных изображениях (p >0,05). Чувствитель-
ность описанного метода составила 77,8 %, специфичность — 75,0 %, диагностическая эффективность — 76,2 %.

Congenital pneumonia is one of the leading causes of neonatal deaths. In this work we assess the possibility of using post-
mortem magnetic resonance imaging for the diagnosis of congenital pneumonia. The study was conducted on 21 neonate 
bodies. Before the autopsy, MRI scanning was performed on the Magnetom Verio 3T system (Siemens, Germany) in T1 and 
T2 standard modes. The resulting images were used to analyze signal intensities of lung tissue, pleural fluid and air. Airiness 
index was computed as the ratio of pleural fluid signal intensity to lung tissue signal intensity. Then, the autopsy was performed. 
Based on the histological analysis results, the main and the control groups were formed. The bodies of 9 neonates who had 
died from congenital pneumonia were included into the main group; the control group consisted of 12 dead neonates with no 
signs of pneumonia. On T1-weighted images, the signal intensity from the lungs of the infants with congenital pneumonia was 
higher by 26.5 % in the left lung and 12.9 % in the right lung, compared to the controls (p >0.05). On T2-weighted images, 
the corresponding figures were 23.7 and 31.2 % (p >0.05). The sensitivity of the method is 77.8 %, specificity is 75.0 %  and  
diagnostic efficacy is 76.2 %.

Ключевые слова:  врожденная пневмония, легкое, посмертная магнитно-резонансная томография, аутопсия, пока-
затель воздушности
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Congenital pneumonia is an acute inflammatory condition of 
the respiratory zone caused by an antenatal or/and intrapartum 
infection and manifesting itself clinically and radiographically 
within the first 72 hours after birth [1]. Improvements in 
diagnostic techniques and treatment approaches contribute to 
better survival of affected neonates, but death rate still remains 
relatively high. According to research data [2], congenital 
pneumonia is diagnosed worldwide in 10–38 % of stillborn and 
20–63 % of liveborn babies who subsequently die. In Russia, 
congenital pneumonia accounted for 0.43 % of all intrauterine 

deaths and was also the primary cause of death of 8.7 % 
of infants in the early (0–6 days) neonatal period in 2010, as 
reported by the Federal Service for State Statistics [3]. In 2014, 
those figures were 0.35 % and 8.34 %, respectively [4].

The major technique for the postmortem diagnosis of 
congenital pneumonia is autopsy. However, morphological 
analysis is often impeded by false positive results of lung float 
test performed at autopsy and by a weak inflammatory response 
in premature babies or upon treatment with antibiotics [5, 6].  
Here, radiography is usually an alternative. 
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Computed tomography (CT) is considered the major 
radiographic technique used to diagnose pulmonary 
pathologies [7–9]. Postmortem CT is also quite effective in the 
assessment of lung conditions and determining cause of death 
in adults [10]. However, lungs of dead fetuses and neonates 
are not visible on unenhanced CT [11]. Parallel to CT, magnetic 
resonance imaging (MRI) is being increasingly used to detect 
pulmonary pathologies [12]. For example, bronchial pneumonia 
previously diagnosed during a CT scan was detected later by 
MRI in 21 out of 22 adults, and the efficacy of this technique 
was relatively high: sensitivity of 95 %, specificity of 88 %, 
positive prognostic value of 95 % [13]. MRI proved to be an 
effective diagnostic tool in the examination of 30 children (3–19 
years of age) who had already been diagnosed with pneumonia 
based on the X-ray test [14]. The researchers concluded that 
MRI could be used as an alternative to X-ray or CT for the 
detection of pneumonia foci no smaller than 1 cm in size in the 
absence of calcification [13, 14]. Since MRI produces images in 
any projection and the patient is not exposed to radiation, it can 
be recommended for the dynamic assessment of pneumonia 
progression. Leutner et al. [15] demonstrated that MRI is more 
effective in diagnosing necrotizing pneumonia, compared to 
enhanced CT. MRI also proved highly effective in the differential 
diagnosis of causes of stillbirths and neonatal deaths [16, 17] 
and was successfully used to determine time of intrauterine 
fetal death by evaluating lung morphology [18, 19].

The aim of this work was to study a possibility of using 
postmortem MRI for diagnosing congenital pneumonia in 
autopsy material.

METHODS

We studied 21 dead neonates. Six to fifteen hours after infants 
had been pronounced dead but prior to autopsy, the bodies 
were scanned in standard T1 and T2 modes on 3T Magnetom 
Verio scanner (Siemens, Germany) set up to a field of view of 
300 mm and a flip angle of 180°. T1-mode settings were as 
follows: slice thickness of 0.9 mm, repetition time of 1, 900 
ms, echo time of 2.2 ms. T2-mode settings were as follows: 
slice thickness of 1 mm, repetition time of 3,200 ms, echo time 
of 410 ms. Using sagittal T1- and T2-weighted images, we 
measured signal intensity (SI) in the following regions of interest 
(ROI): the largest possible section of the right and left lung that 
did not contain big elements of the bronchovascular bundle, 
region of air in the area close to the anterior abdominal wall 
and in the pleural fluid. Then, an original airiness index (AI) was 
calculated for the right and left lungs as the ratio of the SI value 
of the pleural fluid to the SI value of the lung tissue. Because 
MR signal intensity within a given body region changes non-
linearly and depends on a number of factors (distance from 
the scanner’s isocenter, magnetic field homogeneity, physical 
properties of the surrounding tissues, etc.), to study its absolute 
value alone would be incorrect. We believe that airiness index 
allows minimizing or even eliminating measurement error 
related to the performance of an individual scanner.

After MRI scan, autopsy was performed followed by the 
analysis of hematoxylin- and eosin-stained histological slices. 
Based on the autopsy results, two groups were formed: group   
(the main experimental group) included bodies of 9 neonates 
who had died of congenital pneumonia 2 h 12 min to 36.5 days 
after birth; group II (the comparison group) included bodies of 
12 neonates with no signs of pneumonia who had died 2 h 7 
min to 24 days after birth. The bodies, the right lung and the 
left lung were weighted. The weight ratio of both lungs to the 

body was calculated.
Statistical processing was done using Statistica 8.0 

software (StatSoft, USA). Mean values, standard deviations and 
a coefficient of variation were computed for each measured 
parameter. Differences were considered significant with 
p <0.05.  Using the obtained results, we calculated sensitivity, 
specificity and diagnostic efficacy of postmortem MRI in the 
diagnosis of congenital pneumonia.

The study was approved by the Biomedical Research 
Ethics Committee of Kulakov Research Center for Obstetrics, 
Gynecology and Perinatology (Protocol 25 dated June 22, 2012).

RESULTS

Morphological analysis of autopsy material obtained from the 
comparison group established that left lung weight varied from 
2.1 to 36.5 g (coefficient of variation was 95.4 %) and right lung 
weight varied from 0.3 to 24.2 g (coefficient of variation was 
50.9 %) (table 1). Mean weight of the left, right and both lungs 
was 10.8 ± 10.8, 11.5 ± 6.1 and 22.3 ± 14.6 g, respectively. 
Histological samples of lung tissue had signs of hypoplasia 
(in bodies with congenital diaphragmatic hernia) (fig. 1A), 
atelectases and dystelectases.

In neonates who had died of pneumonia, the weights of the 
left and right lungs were 4.1 to 42.7 g (coefficient of variation 
was 44.9 and 40.1 %, respectively) (table 1). Mean weights 
were 19.6 ± 9.3 and 24.1 ± 10.2 g, respectively; mean weight 
of both lungs was 45.9 ± 17.7 g. This indicates that all values 
were 1.8–2.1 times higher than in the comparison group 
(p <0.05). The weight ratio of both lungs to the body was 2.4 
times higher in the experimental group (p <0.05). Histological 
samples obtained from group I showed signs of pneumonia 
manifested as weak monocyte/macrophage infiltration. (fig. 1B). 

Visual analysis of T1- and T2-weighted images obtained 
from both groups indicated almost identical signal intensity 
in both lungs, but T2-weighted images reflected the organ 
structure more clearly, compared to T1-weighted images 
(fig.2, 3). The signal from the lungs of neonates who had died 
of pneumonia was more intense in both scanning modes as 
compared to the signal from the lungs of neonates who had 
died of other pathologies. It was 26.5 and 12.9 % more intense 
for the left and right lungs, respectively, on T1-weighted images 
and 23.7 and 31.2 % more intense on T2-weighted images 
(p >0.05) (table 2). Nonuniform signal intensity within one lung 
was occasionally observed in the comparison group as a result 
of a haemorrhage (fig.4); differences in tissue brightness in the 
right and left lungs were due to organ compression caused by 
diaphragmatic hernia (fig. 5).

Mean airiness index of the left lung calculated upon the 
analysis of T1-weighted images of neonates who had died 
of pneumonia was by 44 % lower in the experimental group 
than in the comparison group; with the right lung, it was by 
1.1 % higher (table 2). The same index calculated upon the 
analysis of T2-weighted images was lower for both lungs in 
the experimental group: by 14.3 % for the left lung and by 
5.7 % for the right lung. When airiness index was calculated in 
the right and left lung separately, differences were statistically 
insignificant (p >0.05). However, if the index value obtained 
from T2-weighted images was less than 2.5 in both lungs of a 
newborn, it indicated a morphologically confirmed pneumonia 
in the vast majority of cases (77.8 %).

Sensitivity of the applied technique was 77.8 %, its 
specificity was 75.0 % and diagnostic efficacy was 76.2 %, 
which indicates its high diagnostic value. 



Bulletin of RSMU | 4, 2016 | VESTNIKRGMU.RU46

ARTICLE      MEDICAL IMAGING

Table 1. Clinical and morphological features of dead neonates

Group Case Sex Gestational age Age Body weight
Weight of 
both lungs

Right lung 
weight

Left lung 
weight

Weight ratio of 
both lungs to 

the body 

I

1 F 38 5 сут. 11 ч 2080.0 43.2 22.1 21.1 0.021

2 М 33 28 сут. 2800.0 58.6 25.2 33.4 0.021

3 м 24 5 сут. 15 ч 800.0 16.3 12.2 14.1 0.020

4 F 33 7 сут. 14 ч 2674.0 52.6 29.3 23.3 0.020

5 M 35 36 сут. 10 ч 3206.0 43.9 23.3 20.6 0.014

6 M 39 3 сут. 4 ч 3980.0 65.3 42.7 22.6 0.016

7 M 30 5 сут. 1942.0 62.7 33.7 29.0 0.032

8 F 33 1 сут. 1 ч 2636.0 21.3 17.2 4.1 0.008

9 F 27 2 ч 980.0 19.3 10.8 8.5 0.020

M ± SD 32.4 ± 4.8 10 cут. 7 ч 2344.2 ± 1018.4 45.9 ± 17.7 24.1 ± 10.2 19.6 ± 9.3 0.019 ± 0.006

II

10 M 40 2 ч 2747.0 15.7 9.6 6.1 0.006

11 F 36 23 сут. 15 ч 1820.0 46.5 24.2 22.3 0.026

12 M 39 23 ч 3538.0 13.2 6.2 7.0 0.004

13 M 35 3 сут. 2 ч 1391.0 12.6 9.4 3.2 0.009

14 F 39 2 сут. 3740.0 17.0 14.5 2.5 0.005

15 F 39 21 ч 4450.0 21.3 11.4 9.9 0.005

16 F 37 16 ч 2310.0 10.1 7.8 2.3 0.004

17 M 40 6 ч 4550.0 13.6 11.3 2.3 0.003

18 F 37 19 ч 2853.0 11.5 9.4 2.1 0.004

19 M 37 4 сут. 3182.0 36.0 17.5 18.5 0.011

20 F 39 24 сут. 5164.0 53.1 16.6 36.5 0.010

21 F 37 1 сут. 11 ч 3770.0 17.1 0.3 16.8 0.005

M ± SD 37.9 ± 1.6 5 сут. 10 ч 3292.9 ± 1134.7 22.3 ± 14.6 11.5 ± 6.1 10.8 ± 10.8 0.008 ± 0.006

Fig. 1.  Histological changes of lungs: (A) hypoplasia, (B) monocyte/macrophage pneumonia. Staining with hematoxylin and eosin, ×100

А B

DISCUSSION

For this work, we selected pleural fluid and air as the most stable 
lung components with regard to their physical parameters. 
Signal intensity varied in the area containing pleural fluid and 
air. Since there were no signs of pleuritis at autopsy, such 
variability was probably related to different scanner settings 
used by different tomography specialists. The presence of fluid 
of non-inflammatory origin (transudate-like) in the pleural cavity 
is indicative of early nonspecific postmortem changes [20] and 
is observed in all deaths, as proved by the autopsy. 

Differences between groups with regard to airiness index 
were statistically insignificant, which might be due to a relatively 

small sample size and a need to assess lung pathology in 
each individual case and not in the whole group. However, we 
believe that AI <2.5 registered simultaneously in both lungs 
on T2-weighted images indicates pneumonia. This pattern 
was observed in 7 out of 9 cases in the experimental group. 
In two other cases, a higher AI was a result of concomitant 
pathologies: pneumothorax in case 1 and the edematous form 
of hemolytic disease in case 7. In the comparison group, AI 
was >2.5 for both lungs in 9 out of 12 cases. In three cases 
with airiness index <2.5 for both lungs indicating pneumonia, 
we detected multiple congenital defects (case 11) and false 
congenital diaphragmatic hernia with compression of the lungs 
(cases 13 and 18).
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Fig. 3. Coronal MR-images of a dead neonate without lung pathology (the 
comparison group): (A) T1-weighted image, (B) T2-weighted image

Fig. 2. Coronal MR-images of a dead neonate with congenital pneumonia (the 
experimental group): (A) T1-weighted image, (B) T2-weighted image

Fig. 4. Coronal MR-images of a dead neonate from the comparison group with 
hemorrhages in both lungs in the absence of pneumonia: (A) T1-weighted image, 
(B) T2-weighted image

Fig. 5. Sagittal MR-images of a dead neonate from the comparison group with 
the intact left lung and right lung compressed by a diaphragmatic hernia

А

А

А

А

B

B

B

B

We think that airiness index allows for minimizing or 
eliminating measurement error related to the performance of an 
individual scanner and its settings. 

Our results show a higher diagnostic efficacy of the applied 
technique as compared to the results obtained by Arthurs 
et al. [21], who demonstrated that sensitivity of the postmortem 
MRI in fetuses, newborns and children was 12.5 %, specificity 
was 92.6 % and the prognostic value of a positive result was 
25 %. The reason here might be that the researchers visually 
assessed lung airiness and indurations to diagnose pneumonia. 
They also demonstrated that MRI diagnostic efficacy improves 
in older patients: the worst results (69.7 % of false negative 

results) were obtained for fetuses that had died before week 
24 of gestation. On the one hand, MRI-based diagnosis of lung 
conditions, such as pneumonia, is a complicated clinical task; 
MR images of lungs are of low quality because of low proton 
density and a large amount of air-tissue gradients [22, 23]. 
On the other hand, back in the1990s Herold et al. [24] and 
Blum et al. [25] demonstrated moderate signal intensity on 
T1-weighted images and high signal intensity on T2-weighted 
images of immunocompromised patients with pulmonary 
aspergillosis. A definite MRI advantage is its ability to measure 
absolute and relative lung size that to some extent reflects 
progression of respiratory failure [26, 27].
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Table 2 . Signal intensity and airiness index (AI) of lungs of dead neonates

Group Case

T1-weighted images T2-weighted images

Signal intensity

AI, RL AI, LL

Signal intensity

AI, RL AI, LLRight 
lung

Left lung Air Fluid
Right 
lung

Left 
lung

Air Fluid

I

1 128 664 6.0 515 4.0 0.8 120 330 3.0 880 7.3 2.7

2 488 750 7.0 409 0.8 0.5 330 200 6.0 300 0.9 1.5

3 538 517 9.0 379 0.7 0.7 416 345 4.5 735 1.8 2.1

4 769 530 9.0 588 0.8 1.1 330 300 3.0 720 2.2 2.4

5 566 492 6.0 293 0.5 0.6 380 290 1.0 523 1.4 1.8

6 688 741 11 557 0.8 0.8 521 450 4.5 1122 2.2 2.5

7 719 693 7.0 393 0.5 0.6 239 208 5.0 639 2.7 3.1

8 479 595 12 444 0.9 0.7 446 453 6.0 920 2.1 2.0

9 873 887 12 516 0.6 0.6 870 837 8.0 1120 1.3 1.3

M ± SD
583.1 ± 
217.2

652.1 ± 
130.6

8.8 ± 2.4
454.9 ± 

95.8
1.1 ± 1.1 0.7 ± 0.2

405.8 ± 
209.8

379.2 ± 
193.4

4.6 ± 2.1
773.2 ± 
270.1

2.4 ± 1.9 2.2 ± 0.5

II

10 144 72 6.0 277 1.9 3.8 195 176 3.0 590 3.0 3.4

11 938 871 9.6 736 0.8 0.8 552 465 4.0 996 2.1 2.1

12 605 564 9.0 420 0.7 0.7 119 133 3.0 500 4.2 3.8

13 624 585 7.0 430 0.7 0.7 363 365 3.0 672 1.9 1.8

14 251 569 9.0 349 1.4 0.6 251 312 3.0 690 2.7 2.2

15 477 384 10 340 0.7 0.9 265 237 3.0 598 2.3 2.5

16 829 866 10 573 0.7 0.7 436 456 7.0 1140 2.6 2.5

17 581 541 5.0 435 0.7 0.8 287 278 3.0 742 2.6 2.7

18 524 388 7.0 261 0.5 0.7 279 396 4.0 583 2.1 1.5

19 359 250 3.0 930 2.6 3.7 359 363 3.0 930 2.6 2.6

20 504 678 3.0 341 0.7 0.5 446 323 2.0 926 2.1 2.9

21 362 419 5.0 514 1.4 1.2 160 176 1.0 412 2.6 2.3

M ± SD
516.5 ± 
225.3

515.6 ± 
232.8

7.0 ± 2.6
467.2 ± 
197.5

1.1 ± 0.6 1.3 ± 1.1
309.3 ± 
127.0

306.7 ± 
109.6

3.3 ± 1.4
731.6 ± 
220.5

2.6 ± 0.6 2.5 ± 0.6

Artifacts on MR images result from lung motion during 
aspiration and blood pulsations, especially in newborns [28]. 
They are not the case in postmortem MRI; however, we have 
to admit that there is a problem with accurate assessment 
of unspecific postmortem changes related to blood 
redistribution and autolysis [20, 29, 30]. To improve diagnostic 
accuracy and provide a possibility for differential diagnosis, 
some authors suggest histological analysis (apart from 
MRI) of lung tissue samples obtained percutaneously or 
endoscopically [31].

As postmortem MRI efficacy largely depends on the 
scanner type and its settings, special protocols should be 
elaborated considering scanner types, operating modes and 
corresponding software. Taylor et al. [32] inferred the necessity 
of using different protocols when analyzing the bodies of dead 
fetuses and infants. 

CONCLUSIONS

Postmortem magnetic resonance imaging is effective in the 
detection of congenital pneumonia in stillborn babies and 
neonates who die shortly after birth. To verify the pathology, 
specific parameters of lung tissue on MR images are less 
important than a ratio of signal intensity in lung tissue to fluid 
signal intensity (pleural fluid in our case) on T2-weighted images. 
This ratio, or the airiness index, allows minimizing the impact of 
scanner settings on the procedure outcome. Differences in the 
airiness index between the studied groups of babies who died 
of congenital pneumonia and those who died of other causes 
were statistically insignificant because of a small sample size. 
A study with a larger sample may prove our hypothesis that 
airiness index less than 2.5 for both lungs on T2-weighted 
images can be used to diagnose congenital pneumonia.
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Влияние метода анестезии на возникновение послеоперационной 
когнитивной дисфункции у пациентов пожилого возраста 
при операциях в гинекологии

Influence of anesthetic techniques on occurrence of postoperative 
cognitive dysfunction in elderly patients undergoing 
gynecological surgery

Postoperative cognitive dysfunction (POCD) is a disorder that develops in the early postoperative period, persisting for several 
days or weeks and leading to decrease in higher cortical functions (speech, memory, attention, etc.). POCD is often associated 
with anesthetic techniques and drugs. This paper studied the effect of general, neuraxial and combined anesthesia on POCD 
development in elderly women undergoing gynecological surgery. The study featured 43 patients (mean age 65,0 ± 2.2 years). 
There were 12 women in the general anesthesia group, 23 in the neuraxial anesthesia group, and 8 women in the combined 
anesthesia group. Intraoperative monitoring included electrocardiography, non-invasive blood pressure measurement, 
determination of blood oxygen saturation level (rSO2) and determination of bispectral index (BIS monitoring). A day before 
surgery and on the 5th day after the surgery, neuropsychological tests were carried out through tracking test, Mini-Mental State 
Examination and frontal assessment battery. All intraoperative indicators were normal in all the patients. POCD was diagnosed 
in 3 women who were under general anesthesia, in 7 women under neuraxial anesthesia and 2 under the combined group (25, 
30 and 25 % relative to the total number of patients in the groups, respectively). The average rSO2 value was below the initial 
level in all groups: below by 6 % in the general anesthesia group, by 15 % in the neuraxial group, and by 10 % in the combined 
group. However, the differences were statistically insignificant (p >0.05). The study found no relationship between anesthetic 
techniques and POCD.

Послеоперационная когнитивная дисфункция (ПОКД) — расстройство, развивающееся в ранний послеоперацион-
ный период, сохраняющееся в течение нескольких дней или недель и проявляющееся снижением высших корковых 
функций (речи, памяти, внимания и др.). Возникновение ПОКД часто связывают с методом анестезиологического 
обеспечения и  препаратами. В работе изучено влияние общей, нейроаксиальной и сочетанной анестезии на развитие 
ПОКД у женщин пожилого и старческого возраста при операциях в гинекологии. В исследование включили 43 паци-
ентки (средний возраст — 65,0 ± 2,2 года). В группе с общей анестезией было 12 женщин, с нейроаксиальной — 23, 
с сочетанной — 8. Интраоперационный мониторинг включал снятие электрокардиограммы, неинвазивное измерение 
артериального давления, определение уровня насыщения крови кислородом (rSO2), определение биспектрального 
индекса (BIS-мониторинг). За день до операции и на 5-й день после нее проводили нейропсихологическое тестирова-
ние с помощью теста слежения, краткой шкалы оценки психического статуса и батареи оценки лобной функции. Все 
интраоперационные показатели у всех пациенток были в норме. ПОКД была диагностирована у 3 женщин, находив-
шихся под общей анестезией, у 7 — под нейроаксиальной и у 2 — под сочетанной (25, 30 и 25 % относительно общего 
числа пациенток в группах соответственно). Среднее значение показателя rSO2 во всех группах было ниже исходного 
уровня: при общей анестезии — на 6 %, при нейроаксиальной — на 15 %, при сочетанной — на 10 %, однако разли-
чия были статистически незначимыми (p >0,05). Связь между типом анестезии и развитием ПОКД не была выявлена.

Ключевые слова:  послеоперационная когнитивная дисфункция, когнитивное расстройство, общая анестезия, ней-
роаксиальная анестезия, сочетанная анестезия, пожилой возраст

Keywords:  postoperative cognitive dysfunction, cognitive impairment, general anesthesia, neuraxial anesthesia, combined 
anesthesia, elderly age
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Postoperative cognitive dysfunction (POCD) is one of the 
pressing problems faced by modern anesthesiology. It is 
a disorder that develops in the early postoperative period, 
persisting for several days or weeks, and rarely for months. 
POCD is clinically manifested in the form of memory impairment, 
trouble concentrating, long holding of attention, and other 
disorders in higher cortical functions (thinking, speech, etc.). 
A patient with postoperative cognitive dysfunction develops 
learning problems, lower mental capacity and deteriorating 
mood (depression occurs) [1]. This can lead to reduced 
quality of life [2–4]. POCD is not included in the International 
Statistical Classification of Diseases and Related Health 
Problems (ICD-10) despite its high prevalence and the strong it 
attracts from the scientific community. Mild cognitive disorder 
(F06.7) — a diagnosis close to POCD — is the one included 
in the ICD.

The exact mechanism by which POCD develops still remains 
unknown. A number of studies associate the occurrence of this 
condition with the effect of anesthetics and depth of anesthesia 
[5–7]. Bianchi et al. [8] found that inhaled anesthetics affect 
amyloidogenesis in the brain, thereby promoting POCD. 
Monk et al. [7] suggested that inhalation anesthetics may be 
neurotoxic and cause brain aging, but that there are no human 
data evaluating this hypothesis to date. At the same time, the 
impact of surgical stress [9] and patients’ preoperative status 
[7, 9] on POCD has been pointed out. For example, in patients 
who have suffered from cerebral infarction, the course of early 
POCD significantly worsens even in the absence of residual 
defects. Some researchers also consider POCD  as a risk 
factor for Alzheimer's disease [10], while the etiology of both 
disorders remains unclear.

POCD and regional oxygen saturation index (rSO2) have 
been found to be related: intraoperative decline in rSO2 is a 
predictor of the disorder. Li et al. [11] showed this relationship 
in thoracic surgery in one-lung ventilation, while Papadopoulos 
et al. [12] did so through surgery for hip fractures in patients 
older than 75 years. It was advised that cerebral oximeter 
should be applied not only to identify the risk of POCD but 
also to determine the tactics for postoperative management 
[11, 13–16]. Some researchers have also reported on the 
relationship of cerebral oximetry and specific anesthetic agents 
[17, 18] with premorbid POCD background [19]. Salazar 
et al. [20] assumed that postoperative cognitive dysfunction 
develops with lower rSO2 in patients undergoing surgery 
in a certain position. Although they were unable to identify 
significant association, the authors concluded that surgery 
protocols, which involve rSO2 measurement, reduce the risk 
of POCD. Other researchers have noted a decline in rSO2 in 
patients operated upon in a beach chair position [21].

Elderly age is considered an important risk factor for POCD. 
It is associated with natural decline of cognitive functions and 
with a variety of diseases, such as hypertension, atherosclerosis, 
coronary artery disease, thrombosis, stroke, etc. [1, 3, 6, 7, 
12–15]. Moreover, the number of surgical procedures in elderly 
patients is growing as the number of articles published on 
POCD in elderly age increases [4]. Other risk factors include: 
organic brain syndrome and mental disorders [1, 3]; extent 
and duration of sugery, intra- and post-operative complications 
(hemorrhage, hemodynamic responses, etc.) [3–6]; chronic pain 
syndrome [8]; classes III-IV of the physical status classification 
by the American Society of Anesthesiologists ]22].

The aim of this study was to evaluate the effects of 
anesthesia (method, drugs) on the cognitive status of elderly 
patients undergoing gynecological surgery by comprehensive 
neuropsychological evaluation.

METHODS

The study conducted in 2015 featured female patients from 
the Kulakov Research Center for Obstetrics, Gynecology 
and Perinatology. The inclusion criteria were: 60–80 years of 
age and gynecological diseases requiring elective surgery. 
The exclusion criteria were: burdened neurological history 
and acute cerebrovascular diseases; organic lesions of 
the central nervous system, epilepsy and history of mental 
illness; severe concussion, stroke; severe somatic pathology; 
dementia (24 points or more in the Mini-Mental State 
Examination questionnaire); burdened alcohol, drug or poison 
history; expansion of surgical intervention; decompensation 
extragenital pathology. The study included 43 patients aged 
65.0 ± 2.2 years.

Vaginal hysterectomy was carried out on 19 patients, 
laparoscopic hysterectomy on 8 patients, laparoscopic 
adnexectomy on 7 patients, laparotomy hysterectomy on 
6 patients, laparoscopic cholecystectomy on 2 patients and 
stoma closure on 1 patient. Three types of anesthesia were 
used: general anesthesia (12 patients with an average age of 
66.0 ± 5.6 years), neuraxial anesthesia (23 patients with an 
average age of 66.0 ± 4.9 years) and combined anesthesia 
(8 patients with an average age of 68.0 ± 6.4 years). Doses 
of preparations were selected individually according to the 
manufacturer's recommendations, age and sensitivity of the 
patients, as well as the required anesthetic effect. Then, the 
average doses of drugs were given for the patient groups 
(divided by type of anesthesia).

General anesthesia was performed according to 
the following procedure. Atropine sulfate premedication 
(Dalkhimpharm, Russia) and Dexamethasone premedication 
(Krka, Slovenia) were carried out. Propofol (AstraZeneca, UK) 
1.3 ± 1.5 mg/kg and rocuronium (Hameln Pharmaceuticals, 
Germany) 0.9 mg/kg were used for induction. After induction, 
tracheal intubation was performed. Narcotic and respiratory 
mixture sevoflurane (Abbott Laboratories, UK) and oxygen with 
maintenance of minimum alveolar concentration at a 0.8–1.0 
level were used to maintain anesthesia.

Spinal-epidural anesthesia was used for neuraxial 
anesthesia. Puncture of the spinal and epidural space 
was performed on the level of segments 2–3 of the lumbar 
vertebrae (L2–L3). Hyperbaric bupivacaine (AstraZeneca) was 
administered in the spinal space at a dose of 8.95 ± 3.05 mg. 
Ropivacaine (AstraZeneca) was administered in the epidural 
at a dose of 68.5 ± 12.0 mg. The punctures were preceded 
by atropine sulfate premedication and dexamethasone 
premedication.

Combined anesthesia consisted of general anesthesia 
and installation of an epidural catheter at the L1–L3 level 
after standard premedication (atropine sulphate and 
dexamethasone). Induction, tracheal intubation and general 
anesthesia were then performed. Ropivacaine (1 mg/kg) was 
administered in the epidural space.

Intraoperative monitoring was conducted according to 
the Oxford Standard (ECG, blood pressure, SpO2) [23] with 
the Infinity Delta monitor (Draeger, Germany). BIS monitoring 
(measurement of bispectral index to assess the level of 
anesthesia and brain sedation) was performed using monitor 
console Infinity BISx SmartPod (Draeger). The INVOS 5100C 
monitor (Covidien AG, USA) was used for cerebral oximetry.

The cognitive status of the patients was assessed on 
a day before and 5th day after the surgery using three 
neuropsychological tests — Trail Making Test, Mini-Mental 
State Examination and frontal assessment battery.
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Group
(type of 

anesthesia)

Number 
of patients

Detected 
POCD, 
patients 

(percentage in 
the group, %)

FAB score MMSE score  TMT score

before 
surgery, p

after 
surgery, p

change, 
%

before 
surgery, p

after 
surgery, p

change, 
%

before 
surgery, p

after 
surgery, p

change, 
%

General 12 3 (25.0) 14.5 ± 1.7 11.0  ± 1.3 24.0* 26.1 ± 4.0 24.3 ± 3.7 7.0 46.5 ± 6.6 62.0 ± 8.9 25.0*

Neuraxial 23 7 (30.0) 14.3 ± 2.9 11.6 ± 2.4 18.6* 26.5 ± 3.1 24.2 ± 2.2 8.7 48.4 ± 4.5 67.2 ± 6.2 28.0*

Combined 8 2 (25.0) 13.1 ± 3.6 9.8 ± 2.7 25.0* 25.1 ± 2.9 23.4 ± 2.7 6.9 50.2 ± 5.0 65.8 ± 6.5 23.8*

Neuropsychological test results

Note. FAB — Frontal Assessment Battery, MMSE — Mini-Mental State Examination, TMT — Trail Making Test. * —  p <0.05 (when comparing the average values of 
the attribute in the group before and after surgery).

Trail Making Test (TMT) [24] allows to evaluate the patient’s 
attention, speed of thinking and coordination. It consists of two 
parts: In part A, the patient is instructed to connect a set of 
numbers from 1 to 25, while in part B, the patient is instructed 
to connect alternating letters and numbers in ascending order. 
The test is allocated 300 seconds. After that, the time taken by 
the patient to perform the task is estimated, and the degree of 
dysfunction is determined based on the scale of results (three 
degrees).

The Mini-Mental State Examination [25] includes 9 tests 
evaluating a patient’s orientation in space and time, attention, 
memory and speech. The result is given in points.

Frontal assessment battery [26] consists of 6 tasks that allow 
to estimate the patient's ability to generalize, attentiveness, 
ability to concentrate, state of speech processes and motor 
activity. The results are also given in points.

The average values and standard deviations of test results 
before and after the operation were calculated for each group 
of patients and were compared for the purpose of identifying 
POCD — if after surgery, test result turned out to be by more 
than 10 % worse than the result prior to surgery, cognitive 
disorder was diagnosed. The average values and standard 
deviations of the rSO2 index before and after surgery were also 
calculated for each group of patients. Statistical data analysis 
was performed using Student's t-test (p <0.05). 

The study was approved by the Biomedical Research Ethics 
Committee of the Kulakov Research Center for Obstetrics, 
Gynecology and Perinatology (Minutes No 1 of 29 January 
2015). All the patients gave their written informed consent to 
participate in the study.

RESULTS

Electrocardiograms obtained in the course of surgery were 
characteristic of the age norm. Saturation was maintained at 
97–99 %. Bispectral index remained normal (45–60 %), thereby 
allowing to exclude the influence of inadequate or excessive 
brain sedation on the patients’ cognitive functions.

The average value of the rSO2 index during surgery in all the 
three groups differed (decreased) from the baseline values as 
follows: 6 % decrease for general anesthesia, 15 % decrease 
for neuraxial anesthesia, and 10 % decrease for combined 
anesthesia. However, the differences were statistically not 
significant (p >0.05).

Assessment of cognitive status of patients (by Trail Making 
Test and Frontal Assessment Battery) identified POCD in 
12 patients: 3 women for general anesthesia, 7 for neuraxial 
anesthesia and 2 for combined anesthesia. However, ithe 
number of patients with POCD in each group turned out to be 
almost equal 25, 30 and 25 %, respectively. Cognitive deficits 
in the group of patients with general anesthesia averaged 
23.8  and 25 % for the FAB and TMT respectively (see table). 
The average values of these same indicators in the group of 

patients with neuraxial anesthesia were equal to 18.6 and 
27.9 % respectively, while in the group of patients with combined 
anesthesia — 25.0 and 23.7 % respectively. Postoperative test 
results obtained via MMSE differed from preoperative values 
by less than 10 %. Data were statistically significant only for 
the FAB and TMT tests (p <0.05). It can be assumed that 
the MMSE test is less sensitive with respect to postoperative 
cognitive dysfunction.

DISCUSSION

Some researchers have noted that general anesthesia is related 
to more significant decline in rSO2 than neuraxial [27–29], while 
others believe that there are no differences [30, 31]. Indeed, the 
neuraxial block leads to changes in the central hemodynamics, 
which can affect the oxygenation level of the cerebral blood 
flow. However, in our work, significant reduction in rSO2 during 
neuraxial anesthesia was unreliable. Perhaps this is due to the 
insufficient sample size.

Many authors attribute the occurrence of POCD to the 
type of anesthetic management [1, 2, 5, 7, 17, 28, 30]. But 
most researchers have formed a pilot group of elderly people 
who are predisposed to cognitive dysfunction due to age-
related changes in the brain. In our study, we were not able 
to detect differences between the three types of anesthesia. 
Perhaps, extent of surgery, surgical stress and quality of patient 
management in the postoperative period are POCD risk factors 
to a greater degree [32, 33].

Children's surgery and cardiology could provide indirect 
evidence that type of anesthesia has no influence on POCD 
occurrence. In pediatric anesthesiology, the issue of cognitive 
dysfunction is as acute as in adults. But many researchers 
point out that despite individual POCD cases in school-age 
children, one cannot claim that a particular anaesthetic support 
has a higher effect on POCD development than the others [34]. 
Cardiac surgery procedures are associated with brain hypoxia, 
which should lead to cognitive dysfunction. However, some 
researchers studying the problem also reported that anesthesia 
type has no effect on POCD incidence [35].

CONCLUSIONS

Our study showed that the likelihood of developing 
postoperative cognitive dysfunction in elderly women 
undergoing gynecological surgeries does not depend on the 
type of anesthesia. Reduced cerebral oxygenation could be 
the cause of more frequent occurrence of POCD in neuraxial 
anesthesia. However, our findings on reduction of rSO2 in 
neuraxial anesthesia are not statistically significant. The 
hypothesis should be further tested in a group consisting of 
large number of patients. We also noted that Trail Making Test 
and Frontal Assessment Battery are the most sensitive POCD 
detection tools.
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Kakhkharov RA1     , Flegontov AN1, Mokhov NV1,2

The emergence of modern neuroimaging techniques has allowed for effective identification of patients with Chiari malformation. 
It is now possible to create a more accurate picture of this anomaly. Different surgical treatments can now be developed but this 
has led to standardization issues and lack of uniform recommendations for treatment of patients with Chiari malformation. A study 
conducted by the authors found that surgery involving the opening of the dura mater and subsequent plastic reconstruction by 
autoplastic graft was the optimal surgery option (with respect to volume of surgical treatment of such patients).

Опыт использования различных вариантов пластики твердой 
мозговой оболочки в лечении больных с аномалией 
(мальформацией) Киари I типа

Using different duraplasty variants in the treatment of patients 
with Chiari Malformation Type I

Появление современных методов нейровизуализации позволило эффективно выявлять пациентов с аномалией Киари, 
сформировать более точную картину аномалии. Возникла возможность развития различных методов хирургического 
лечения, что в настоящее время приводит к проблемам стандартизации, а также отсутствию единых рекомендаций 
в лечении пациентов с мальформацией Киари. По результатам проведенного авторами исследования, оптимальной 
по объему хирургического лечения подобных пациентов была операция со вскрытием твердой мозговой оболочки и 
последующей ее пластикой аутотрансплантатом.

Ключевые слова: мальформация Киари, аномалия Арнольда–Киари, твердая мозговая оболочка, асептический 
менингит
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Chiari malformation is often a congenital defect, characterized 
by displacement of the cerebellar tonsils below the level of 
the foramen magnum. This leads to chronic craniovertebral 
junction compression, blocks the normal flow of cerebrospinal 
fluid (CSF) and disrupts normal blood circulation in this area 
(fig. 1) [1, 2].

There are currently 6 types of Chiari malformations (table) 
[1, 3–6]. The most common are types I and II malformations: 
type I is observed in 3.3–8.2 cases per 1,000 people, while type 
II is found in 1–2 cases per 1,000 people [1, 7].

Surgery is the main method of treatment when indicated 
(syringomyelia and progression of clinical symptoms).

In 1932, Van Houweninge Graftidijk reported the first 
attempts at surgical correction of this deformity. He tried to 
restore normal CSF flow at the level of the deformity by resecting 
the tongue of redundant tissue or by resecting the bone over 
the posterior surface of the malformation and incising the 
underlying dura. The treatment did not produce positive 
results [8–10]. In 1938, Penfield and Coburn described a 
surgical technique involving resection of the lower part of the 
cerebellar tonsils at this anomaly [11]. With the emergence 
of the Gardner and Williams concepts, surgical treatment 
of syringomyelia (fig. 2) and Chiari malformation became 
theoretically justified. The name Gardner (or "basic technique") 
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Types Diagnostic criteria

I
Displacement of the cerebellar tonsils below the level of the foramen magnum by more than 5 mm or presence of spinal cord 
syringomyelia with displacement of the cerebellar tonsils below the level of the foramen magnum by more than 2 mm

II The cerebellar tonsils, cerebellar vermis, fourth ventricle and the medulla oblongata shift downward through the spinal canal

III The contents of the posterior cranial fossa descend into the meningeal sac located in the occipital bone defect

IV
Cerebellar hypoplasia without shift. This Chiari malformation type is not accompanied by herniation of the CNS structures, so it is often 
not included in conventional classification

0 Cerebellar tonsils fill the entire cisterna magna but do not go beyond it. It is characterized by "overflowing" of the posterior cranial fossa

1,5
Cerebellar tonsillar dystopia, small stretching of the fourth ventricle and brain stem (possible slight flattening or crimping) by minimal 
changes from oral spinal cord sections. It is a transitional (boundary) type between types I and II, which combines features of both types 
of deformities, or embryologically incomplete Type II without concomitant myelodysplasia

Types of Chiari malformations

Fig. 1. A T1-weighted sagittal MRI scan, from a patient with Chiari malformation, 
cerebellar tonsillar prolapse

Fig. 2. A T1-weighted sagittal MRI scan. Syringomyelia — disorder often 
associated with Chiari malformation

was given to the surgery procedure described by them for 
correction of syringomyelia in Chiari malformation in 1965. 
This surgery technique is used in various modifications to this 
day. The operation involves suboccipital resection trepanation, 
anterior cervical laminectomy, dissection of arachnoid 
adhesions, readjustment of the foramen of Magendie and 
closure of the entrance to the central canal of the spinal 
cord with a muscle slice. The surgery involves alignment 
of the CSF flow pressure at the level of the craniovertebral 
junction [12, 13]. 

Currently, Gardner's surgery — in its classical form — is 
performed rarely. The proposed modifications for this surgery 
are performed in two ways. The first type is resection trepanation 
of the posterior cranial fossa, dissection of the dura mater and 
arachnoid mater with or without resection of the cerebellar 
tonsils with or without cisterna magna reconstruction. The 
second type is resection trepanation of the posterior cranial 
fossa with the opening of the dura mater and manipulations 
on it [14–17].

There are also other surgery types: Endoscopic third 
ventriculostomy (ETV), transoral decompression and 
craniovertebral decompression with occipitospondylodesis [5].

Performance of ETV as a first stage in the treatment of 
patients with Chiari malformation type I (CM-I) and concomitant 

hydrocephalus is currently recognized as the gold standard, 
displacing the previously used shunt system. According to 
researchers [6], the procedure is up to 95 % effective. There is 
a small group of CM patients suffering directly from intracranial 
hypertension symptoms for whom surgical treatment can 
be limited to only ETV [6]. However, craniovertebral junction 
compression is subsequently required for most patients with 
Chiari malformation and concomitant hydrocephalus.

Transoral decompression in CM patients should be used in 
cases of severe anterior compression and basilar invagination. 
Most scientists believe that given the injury rate of this 
method, it is reasonable to use the standard craniovertebral 
decompression with a one-time stabilizing surgery as the first 
stage of surgical treatment for patients with a combination of 
anterior and posterior compressions [18].

One-time performance of craniovertebral decompression 
and stabilizing surgery is indicated in a relatively small group 
of patients with CM-I, atlantoaxial dislocation and high risk of 
cervical spine instability revealed at the pre-surgical examination 
stage. The provoking factors for spinal instability in patients 
with CM-I are disruption of neck muscle innervation amidst 
syringomyelic cysts in the upper cervical level, muscular fibrosis 
repeating their compression and stretching and improper 
surgical wound closure [18, 19]. 



Bulletin of RSMU | 4, 2016 | VESTNIKRGMU.RU58

ARTICLE    NEUROSURGERY

Fig. 3. A sagittal CT scan. Pseudomeningocele (marked by arrow) — one of the 
post-op complications from Chiari malformation surgery 

The purpose of the surgery is to decompress the 
craniovertebral junction in order to free the flow of CSF and 
blood circulation at this level by easing CSF outflow from 
the foramen of Magendie and cisterna magna to the spinal 
subarachnoid space.

There are a number of post-op complications in duraplasty. 
In our study, we decided to focus on two main complications – 
aseptic meningitis and pseudomeningocele.

Aseptic meningitis is an inflammatory response by the 
meninges. It differs from purulent postoperative meningitis 
by the absence of pyogenic pathogen diagnosed through 
microscopic examination. This syndrome has a characteristic 
clinical picture (pyrexia, meningeal symptom, inflammatory 
changes in the blood and cerebrospinal fluid), which is not 
significantly different from that of purulent postoperative 
meningitis. Aseptic meningitis syndrome is accompanied by 
immunologic phenomena of transient postoperative reactive 
inflammation associated with lymphocyte activation [20].

Pseudomeningocele is a pathological extradural 
accumulation of cerebrospinal fluid in the soft tissues, 
communicating with the subdural space through the dura 
mater defect (Fig. 3).

There are also a number of other post-operative 
complications: accumulation of lamellar subdural hygroma in 
the cerebellar hemisphere, pneumocephalus and arachnoiditis. 
The patient’s sitting position during surgery also leads to such 
intraoperative complications as air embolism.

Research objective: To determine the role of duraplasty in 
Chiari malformation surgeries.
Tasks:

– to ascertain the incidence of various clinical symptoms in 
Chiari malformations;

– to assess the incidence of post-op complications 
depending on the surgical technique;

– to assess the response to surgical treatment under 
various duraplasty techniques.

METHODS

The study included 34 patients with Chiari malformations. They 
were treated at the neurosurgical department of Interregional 
Clinical and Diagnostic Center in Kazan from 2010 to 2014.

Clinical method, preoperative brain imaging, direct 
intraoperative imaging and retrospective analysis were all 
deployed for the study.

All the patients underwent neurological examination in 
the preoperative and early postoperative periods. The basic 
neurological functions were assessed.

Preoperative imaging consisted of brain MRI (capturing 
the craniovertebral junction) and spine MRI along the length 
depending on the syringomyelia level. MRI scan was performed 
using the Signa HDxt 1.5T magnetic resonance scanner 
(General Electric, USA) with at least 1.5 T magnetic field 
intensity in the axial, sagittal and coronal projections, as well as 
in hydrography regime to assess the CSF flow dynamics in the 
craniovertebral junction.

The main criteria for Chiari malformation diagnosis were 
neuroimaging data (fig. 4) [21–23] and clinical examination 
based on identification of specific clinical syndromes (cerebellar, 
hypertension-hydrocephalic, syringomyelic, radicular, bulbar 
and vertebrobasilar insufficiency syndromes [24]). In most CM-I 
cases, MRI revealed descent of the cerebellar tonsils below the 
McRae line, syringomyelia and brain stem compression. In Chiari 
Malformation type II (CM-II), descent of the cerebellar tonsils, 

Z-shaped deformation of the medulla oblongata, quadrigeminal 
adhesion (beak-shaped bend in the quadrigemina), medulla 
elongation and low brain attachment were also detected. In 
CM-II cases, MRI revealed hydrocephalus, syringomyelia in the 
craniovertebral junction, isolated fourth ventricle, cerebellar-
medullary compression, and agenesis/ dysgenesis of the 
corpus callosum [5].

The average age of the patients was 45 years (from 18 to 
69 years). The ratio between number of men and female was 
1 : 3.2 respectively. It is worth noting that the most common 
surgical procedure was performed in patients aged 50–60 
years. Neurological symptom progression was the indication 
for surgery. 

The surgery procedures were carried out in a sitting position. 
The soft tissue was dissected according to Naffziger-Towne 
method (Babchin’s modification). In the next step, the lower 
parts of the squamous part of occipital bone were resected, 
C1 laminectomy and sometimes C2 was carried out. All the 
patients were divided into two groups based on the extent of 
further intervention.

The first group included 8 (23.5 %) patients, whose dura 
mater was not opened. In this case, distinct pulsation of dura 
mater could be seen.

The second group had 26 (76.5 %) patients, whose dura 
mater was opened with a Y-shaped incision. In most cases, 
the dura mater turned out to be thickened and it did not pulse. 
Venous sinuses expanded quite often. After dissection of the 
dura mater, the level of descent of the cerebellar tonsils and 
subarachnoid space was examined and assessed. In the 
case of pronounced adhesions, the subarachnoid space was 
readjusted with release from adhesions of vessels, medulla and 
cerebellar tonsils. Next, duraplasty was performed to restore 
the integrity of the dura mater. The second group was divided 
into two subgroups depending on the type of duraplasty 
performed:

– 2A: 14 (41.2 %) patients — the dura mater was opened 
followed by allograft duraplasty surgery. Artificial dura mater 
DURAFORM (Codman Neuro, USA) was used as the allograft.

– 2B: 12 (35.3 %) patients — the dura mater was opened 
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Fig. 4. Reference points of the posterior fossa used in diagnosis of Chiari 
malformation (Sekula et al., 2005 [21])

d + e — length of clivus; S — sphenooccipital synchondrosis; d — length of 
basisphenoid between the top of the dorsum sellae and the sphenooccipital 
synchondrosis of the clivus; e — length of the basiocciput between the 
synchondrosis and the basion; b — length of the hindbrain between the midbrain-
pons junction and the medullocervical junction; a — angle of the cerebellar 
tentorium to Twining's line; c — length of cerebellar hemispheres; DS — top of 
the dorsum sellae; IOP — internal occipital protuberance; OP — opisthion; IOP 
to OP — length of supraocciput; B — basion; TW — Twining's line; McR (B to 
OP) — McRae's line.

followed by allograft duraplasty surgery. A previously marked 
occipitalis muscle aponeurosis served as the allograft. On 
the access point, the soft tissues were dissected up to the 
occipitalis muscle aponeurosis. The aponeurosis was cut off 
as a 3 × 5 cm flap, and leaned back to the side. The base 
of the flap was directed towards the occipitalis muscle. Thus, 
the aponeurosis flap remained on the pedicle via which it was 
supplied with necessary nutrients till the end of the operation. 
Afterwards, dissection was carried out linearly like in other 
groups. At the duraplasty stage, the pedicle was cut off, and 
the flap was sutured to the edges of the opened dura mater. 
So the cisterna magna was increased, which resulted in more 
craniovertebral junction decompression.

Resection of the cerebellar tonsils was not performed in any 
of the patients.

Response to surgery in the early postoperative period 
was analyzed. During comparison, neurological regression, 
incidence of postoperative complications resulting from 
duraplasty inefficiency, and dependence on duraplasty 
technique were first factored in.

Statistical data analysis was performed using Microsoft 
Office Excel 2010.

RESULTS

Analysis of the medical records of patients with Chiari 
malformation revealed the incidence of neurological syndromes 
identified during preoperative clinical examination (fig. 5). 
Cerebellar syndrome was detected in majority of the cases 
(88.2 %). Bulbar syndrome and vertebrobasilar insufficiency 

syndrome were the least observed (in less than half of the 
patients).

Clinical method and postoperative brain imaging were used 
in analyzing the response to surgical treatment. Neurological 
examination took into account regression of the characteristic 
clinical symptom, whose presence criterion included 
the following: no complaints from the patient, sensitivity 
improvement under the corresponding dermatitis and increase 
in strength in the limbs, reduction in cerebellar symptoms and 
signs of intracranial hypertension.

Response to treatment was assessed in the early and late 
post-op periods. After full treatment, all the patients showed a 
positive response to treatment.

Hypertension-hydrocephalic syndrome regressed faster 
than others. Within the first days after surgery, characteristic 
neurological symptoms of intracranial hypertension disappeared 
in the patients. Within 3–4 months, there was complete or 
partial disappearance of bulbar, cerebellar and syringomyelic 
syndromes. Restoration of sensitivity and muscle strength 
was observed. MRI scans showed that syringomyelic cysts 
disappeared within 6 months to 1 year.

The following results were obtained (fig. 6).
In the group of patients who underwent craniovertebral 

junction decompression followed by duraplasty, neurological 
syndromes regressed in 21 (80.8 %) out of the 26 patients 
within the first 20 days of surgery: in the first subgroup with 
allograft duraplasty surgery — in 11 (79 %) out of 14 patients; 
in the second subgroup with allograft duraplasty surgery — in 
10 (83 %) out of 12 patients. 

A time limit of 20 days was chosen arbitrarily according to 
the results obtained from data study.

In the group of patients who underwent craniovertebral 
junction decompression transition without opening of the dura 
mater, regression of neurological syndromes in 75 % of cases 
occurred no earlier than one month from the date of the surgery. 
In 2 (25 %) out of 8 patients, the main syndromes regressed 
within the first 20 days.

Post-op complications associated with inefficiency of 
duraplasty — aseptic meningitis and pseudomeningocele — 
were found only in patients who underwent craniovertebral 
junction decompression with the opening of dura mater and 
subsequent allograft duraplasty surgery (42.9 %). Moreover, of 
all the patients from this subgroup (n = 14), aseptic meningitis 
was observed in 5 (35.7 %) patients in the postoperative period, 
and pseudomeningocele in 1 (7.1 %) patient.

In the subgroup of patients who underwent craniovertebral 
junction decompression with the opening of dura mater and 
subsequent allograft duraplasty surgery, the above-mentioned 
post-operative complications were not observed.

DISCUSSION

Identifying an efficient surgical correction method and 
standardizing this method is an important task since surgery is 
the primary treatment for patients with this deformity. However, 
the decision on extent of surgery in some cases cannot be 
standardized, and any addition to the main surgery procedure 
should be determined intraoperatively. The main goal of surgery 
is to decompress the craniovertebral junction and restore 
normal flow of cerebrospinal fluid in the area. 

In a number of cases, bone decompression is enough to 
achieve the surgery target. This is evidenced by a clear pulsation 
of the dura mater, but the sole criterion cannot provide the 
required reliability. Therefore, we believe that somatosensory 
evoked potentials should be used intraoperatively. This method 
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Fig. 5. Incidence of syndromes in Chiari malformationМС — мозжечковый син-
дром

CS — cerebellar syndrome; HHS — hypertension-hydrocephalic syndrome; SMS 
— syringomyelic syndrome; RS — radicular syndrome; BS — bulbar syndrome; 
VIS — vertebrobasilar insufficiency syndrome.

Fig. 6. Duration of neurological syndrome regression under different types of 
surgery
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gives fairly accurate information on possible post-operative 
regression. The evidence of this includes intraoperative results 
obtained by us, namely the positive dynamics in 2 out of 
8 patients who did not undergo opening of the dura mater. 
These 2 patients from the first group showed the fastest 
regression of neurological symptoms.

Our study found that surgery with the opening of the 
dura mater and subsequent allograft duraplasty surgery is 
the most optimal extent of surgical treatment of type 1 Chiari 
malformation. This finding is consistent with the data from 
world literature [25–27].

CONCLUSIONS

Based on the outcome of surgical treatment of patients 
with Chiari malformation type I, it can be concluded that 
craniovertebral junction decompression with the opening of the 
dura mater and subsequent sealing with autograft is an effective 
method for surgical treatment of patients with this deformity. 
This method reduces the risk of post-op complications. The 
relative majority of patients with the most rapid regression of 
neurological symptoms serve as a proof that this method is 
effective.
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Trophic changes in the skeletal muscles of rats after therapy with 
sildenafil and cerebrolysin in the lower limb ischemia model 

Трофические изменения скелетной мускулатуры крыс после 
фармакотерапии силденафилом и церебролизином при 
моделировании ишемии нижних конечностей

Ишемия нижних конечностей — заболевание, в большом числе случаев не поддающееся хирургическому лече-
нию. Нами была исследована эффективность комбинированной фармакотерапии силденафилом (Viagra, Pfizer, 
Франция) и «Церебролизином» (EVER Neuro Pharma, Австрия). Ишемию мышц голени моделировали на кры-
сах линии Wistar. Сформировали 6 групп животных по 20 особей: интактные; ложнооперированные; с ишемией и 
без лечения (контрольная группа); с ишемией и монотерапией силденафилом (перорально 2,2 мг/кг в течение 
28 дней); с ишемией и монотерапией «Церебролизином» (внутримышечно 0,005 мл в течение 20 дней); с ишеми-
ей и комбинированной терапией (силденафил — перорально 2,2 мг/кг в течение 7 дней, «Церебролизин» — вну-
тримышечно 0,005 мл в течение 10 дней). Измеряли уровень микроциркуляции крови в мышцах голени на 21-е и 
28-е сутки. В эти же сроки выводили из эксперимента путем передозировки наркоза по 10 животных и готови-
ли гистологические препараты мышц голени. Уровень регионарного кровотока достоверно (p <0,05) повышал-
ся в трех опытных группах по сравнению с контрольной, однако при этом комбинированная терапия была значи-
тельно эффективнее монотерапии независимо от препарата. Макроскопически мышцы животных опытных групп 
не отличались от мышц интактных животных, микроскопически — наблюдалось отсутствие некротических участ-
ков, характерных для ишемизированных мышц крыс, не получавших лечения, а также новообразование сосудов.

For many patients with lower limb ischemia, surgical treatment is not beneficial. We have studied the efficacy of combination therapy 
with sildenafil (Viagra) by Pfizer, France, and cerebrolysin (Ever Neuro Pharma, Austria) for lower limb ischemia in the Wistar rat 
model. The animals were divided into 6 groups (20 rats each): intact animals; sham-operated animals; rats with ischemia and no 
treatment administered (controls); rats with ischemia who received a 28-day monotherapy with sildenafil (2.2 mg/kg orally); rats 
with ischemia who received a 28-day monotherapy with 0.005 ml cerebrolysin; rats with ischemia who received a combination 
therapy with 2.2. mg/kg sildenafil for 7 days and 0.005 ml i. m. cerebrolysin for 10 days. Microcirculation in shin muscles was 
evaluated on days 21 and 28 of the experiment. On the same days, rats were overdosed with anesthetics and sacrificed in 
tens. Then, histological sections of shin muscles were prepared. Regional blood flow was significantly higher (p <0.05) in three 
experimental groups, compared to the controls; however, the combination therapy was far more effective than monotherapy, 
regardless of the medication used. Macroscopically, the muscles of the animals included into the experimental groups did not differ 
from the muscles of the intact animals; microscopically, no necrotic lesions were observed in the experimental groups that were 
typical for the ischemized rats who had received no treatment. Neovascularization was also observed in the experimental groups.

Keywords: lower limb ischemia, ischemia treatment, sildenafil, cerebrolysin, pharmacotherapy, combination therapy

Ключевые слова: ишемия нижних конечностей, коррекция ишемии, силденафил, церебролизин, фармакотерапия, 
комбинированная терапия, ФДЭ-5
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Lower limb ischemia is a chronic arterial occlusion occurring 
in the legs caused by atherosclerosis, obliterating endarteritis 
and diabetes [1, 2]. Operative techniques used for its 
treatment include surgery through skin incisions (shunting and 
endarterectomy) and various minimally invasive interventions 
(X-ray-controlled angioplasty and stenting) that restore arterial 
patency in case the artery is totally blocked or improve blood 
flow if the blockage is incomplete. However, surgery can be 
recommended for half of patients only [3–6].

A solution to this problem is drug therapy. The most 
effective medication for treating critical limb ischemia is 
Vasaprostan by UCB Pharma, Germany; its active ingredient 
is alprostadil, a synthetic analogue of natural prostaglandin E1. 
However, it does not work as a vasodilator that typically widens 
blood vessels and improves peripheral circulation; Vasaprostan 
induces changes in blood biochemistry when circulating in 
blood for a long time [7].

There are a number of medications that affect lipid 
exchange, peripheral vascular beds and rheological properties 
of blood, but they do not eliminate vasospasm, a key factor 
in the progression of critical limb ischemia. Hopes are raised 
by a new class of drugs that facilitate vasodilation using the 
effect of endogenous nitric oxide (NO); the latter is produced 
by nerve endings and endothelial cells and intensifies 
synthesis of intracellular alarmone, namely, cyclic guanosine 
monophosphate (cGMP). The same effect can be achieved by 
using sildenafil, a phosphodiesterase type 5 inhibitor (PDE5) 
and a cGMP-hydrolizing enzyme [1, 2, 8–10].

There has been a growing interest in Cerebrolysin (EVER 
Neuro Pharma, Austria), a drug used to treat stroke, Alzheimer 
disease and traumas to the brain. It was shown to reduce 
enzymatic activity of superoxide dismutase and catalase, which 
are two basic enzymes activated through oxidative stress. 
However, Cerebrolysin works indirectly by reducing production 
of superoxide anion and hydrogen peroxide that are substrates 
for the above mentioned enzymes. Besides, Cerebrolysin was 
shown to inhibit formation of hydroxyl radicals [11–13]. Also, 
studies in vitro and in vivo demonstrated that the drug inhibits 
calpain activity by 60 %, which means that fewer cells undergo 
apoptosis [14].

The aim of this work was to assess efficacy of lower limb 
ischemia therapy with sildenafil (Viagra, Pfizer, France) and 
Cerebrolysin in a mouse model.

METHODS

The experiment was carried out in pre-quarantined Wistar 
rats (age of 4 months, weight of 230–260 g) provided by the 
Research Institute of Ecological Medicine of Kursk State Medical 
University. For this study, healthy animals were selected. They 
were kept in a standard experimental biological cleanroom 
at 22–24 °C under 12 : 12 cyclic lighting conditions. All rats 
received food pellets and filtered tap water. Procedures were 
performed at a fixed time in the afternoon. Anesthesia was 
performed intra-abdominally using 300 mg/kg of chloral hydrate 
aqueous solution; animals were sacrificed by its overdose. The 
experiment was carried out in accordance with the European 
Convention for the Protection of Vertebrate Animals used for 
Experimental and Other Scientific Purposes (Strasburg, 1986).

To allocate animals to different groups, stratified 
randomization was used. Stratification factors were body 
weight and procedures performed on the animals. The following 
groups were formed:

1) intact animals (n = 20),
2) sham-operated animals (n = 20),

3) animals with crural muscle ischemia who received no 
treatment (the control group, n = 20),

4) animals with crural muscle ischemia who received 
sildenafil (n = 20),

5) animals with crural muscle ischemia who received 
Cerebrolysin (n = 20),

6) animals with crural muscle ischemia who received 
sildenafil and Cerebrolysin (n = 20).

The group of sham-operated animals was formed of rats 
that had been incised lengthwise on the inner thigh under 
anesthesia, their neurovascular bundle was isolated and the 
incision was then closed by continuous sutures.

Ischemia of crural muscles was modeled in anesthetized 
animals in the supine position.  The hair on the inner thigh was 
accurately removed; the skin was washed with 70 % surgical 
spirit. The incision was done on the inner thigh lengthwise. 
Elements of the thigh neurovascular bundle were isolated. The 
artery was separated from the vein and the nerve, a ligature 
was applied to its upper section where arteria saphena, an 
analogue of deep femoral artery in humans, branches off (under 
inguinal ligament) [15]. A. saphena was ligated and transected. 
The popliteal artery and upper crural arteries (anterior and 
posterior tibial arteries) were isolated and transected without 
ligation. Then, femoral artery was transected 3 mm below the 
previously applied ligature. The section of the magistral vessel 
including the femoral and popliteal arteries and upper anterior 
and posterior crural arteries was removed. No retrograde 
bleeding from crural arteries was observed. The wound was 
closed by a continuous suture [16].

The animals from groups 4 and 6 were administered 
2.2 mg/kg sildenafil citrate per os for 28 and 7 days, respectively. 
The animals from groups 5 and 6 received i. m. injections of 
0.005 ml Cerebrolysin for 20 and 10 days, respectively [17]. 
Blood microcirculation in crural muscles was assessed on days 
21 and 28 of the experiment using MP100 data acquisition 
system in LDF 100C laser Doppler flowmetry mode (LDF) and 
TSD144 needle probe for invasive measurements (all by Biopac 
Systems, USA). LDF data were recorded and processed 
using Acqknowledge 3.8.1 software (Biopac Systems); 
microcirculation was measured in perfusion units (PU). To build 
a microcirculation curve, data from five different regions of the 
muscle were recorded for 30 s at each point:  the middle point 
of the muscle longitudinal axis, two points 3–5 mm above it 
and below, a more lateral and a more medial point with regard 
to the first point.

The animals were sacrificed in tens by anesthetic overdose 
on days 21 and 28 of the experiment. In each case, autopsy was 
performed and crural muscle slices were prepared. Samples 
for histological analysis were fixed in 10 % formalin for 7 days. 
Paraffin blocks and microsections were prepared using a 
standard technique. Slices were stained with hematoxylin, eosin 
and Van Gieson's stain, and then studied with the Levenhuk 
320 microscope (Levenhuk, USA). For morphological analysis, 
sections were imaged using Levenhuk C310 digital camera and 
ScopeTek ScopePhoto 3.1.268 software (Hangzhou Scopetek 
Opto-Electronic Co., China). Using 4 × 20 × 6 magnification, 
quantitative changes in the vessels were studied within the field 
of view. 

Considering reports on compensatory restoration of 
regional blood flow in the model selected for this study, we 
concluded that the most comprehensive data were obtained 
on day 28 of the experiment. Data obtained on day 21 were 
considered interim [18].

Statistical processing was done using Microsoft Excel 
10.0. Mean values (M) and standard error of mean (m) were 
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calculated. To compare measurement values obtained from 
different groups and to determine if differences between them 
were significant, we used a two-sample t-test with variances. 
Differences were considered significant with p <0.05.

RESULTS

The mean perfusion value in the crural muscles of the intact 
animals on day 21 of the experiment was 527 ± 13 PU. 
Histological analysis revealed densely packed bundles of 
monocytes, with plethoric venules and arterioles inside 
containing very few erythrocytes. Lumens were wide; no 
degrading changes in endothelial cells were observed (fig. A).

In the group of sham-operated animals, mean perfusion 
value did not differ significantly from that of the intact group, 
and was 519 ± 13 PU on day 21 of the experiment (р = 0.66) 
and 521 ± 16 PU on day 28 of the experiment (p = 0.77). No 
difference in tissue morphology was detected (fig. B).

In the group of animals with untreated crural muscle 
ischemia, mean perfusion values were significantly lower, 
compared to the group of intact animals: 325 ± 3 PU on 
day 21 of the experiment (р <0.05) and 371 ± 2 PU on day 28 
of the experiment (p <0.05). On day 21 damaged muscles were 
swollen, with large grey and brown patches. Histological analysis 
showed that those were necrotic foci with resorbed necrotic 
fibers and proliferating granulation tissue. On day 28, the color 
went back to normal, but the muscles still looked hypotrophic. 
Areas of resorbed necrotic tissue were considerably smaller. 
Formation of individual capillaries and vascular plethora were 
observed in the microcirculatory bed. There were patches 
of atrophied muscle fibers close to the necrotic foci (fig. C).

Sildenafil contributed to a statistically significant increase 
in regional blood flow to the ischemized crural muscles, 
compared to group 3: perfusion was 425 ± 4 PU on day 21 
(p <0.05) and 803 ± 10 PU on day 28 (p <0.05). Perfusion 
values in group 4 on day 21 were close to those in the group 

Morphological analysis of rat crural muscles. (A) Intact rats. (B) Sham-operated rats (group 2). (C) Controls. (D) Rats treated with sildenafil (group 4). (E) Rats treated 
with Cerebrolysin (group 5). (F) Rats treated with sildenafil and Cerebrolysin (group 6). Staining: hematoxylin and eosin, ×140
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of intact animals; on day 28 they were considerably higher. 
Macroscopically, ischemized muscles did not differ in color or 
appearance from the muscles of the intact rats. No necrotic 
changes were detected by microscopy, but we observed rare 
patches of atrophic myocytes and cell proliferation (fig. D).

In the group of animals with crural muscle ischemia treated 
with Cerebrolysin, a statistically significant increase in perfusion 
was observed, compared to group 3: 429 ± 12 PU on day 21 
(p <0.05) and 767 ± 8 PU on day 28 (p <0.05). On day 21, 
we noticed grey and brown patches — large necrotic foci with 
resorbed necrotic fibers and proliferating granulation tissue. On 
day 28 ischemized muscles did not differ in color or appearance 
from the muscles of the intact rats. Microscopy did not detect 
any necrotic changes in the. Formation of individual capillaries 
and vascular plethora were observed in the microcirculatory 
bed (fig. E).

In rats treated with a combination of sildenafil and 
Cerebrolysin, mean perfusion value was 754 ± 9 PU on day 21 
(p <0.05 compared to the control group); on day 28 it went up 
to 1004 ± 13 PU (p <0.05).  Morphologically, the muscles here 
did not differ from those treated with sildenafil (fig. F).

DISCUSSION

The obtained results indicate that both treatment types — 
a combination therapy of sildenafil and Cerebrolysin and 
monotherapy - significantly stimulate regional blood flow in rats 
with crural muscle ischemia. However, a combination therapy 
is more effective in stimulating formation of collateral blood 
vessels.

Sildenafil is a PDE5 inhibitor, an enzyme involved in different 
biochemical processes inside the cell. Over the past decades 
it has been discovered that PDE5 inhibitors can be used for 
treating various pathologies [19]. Sildenafil triggers a cascade 
that activates protein kinase C and elevates intracellular levels of 
cGMP in cardiomyocytes due to the activation of inducible and 
endothelial nitric oxide synthases. A resulting cardioprotective 

effect is mediated by the opening of mitochondrial ATP-
sensitive potassium channels (mitoKATP-channels) [20]. The 
opening of mitoKATP-channels increases membrane potential 
of the myocardial cells and accelerates ATP synthesis and Ca2+ 
transport across the membrane. Smooth muscle cells relax, 
arterial lumens widen and blood flow increases [21].

It is the mitoKATP-channels that play a key role in the 
mechanism of anti-ischemic protection. They are found in 
many organs, including the vasculature. Their activity was 
first observed in sarcolemma (sarcKATP-channels) and then 
in mitochondria. In both cases, their activity is affected by 
physiological concentrations of ATP.  The channels open when 
ATP concentration goes down significantly or the adenine 
nucleotide content decreases. Thus, the channels are a sensor 
of oxygen and glucose (ATP sources) supply. We think that 
cytoprotective effect of sildenafil can be explained by the activity 
of KATP-channels [21]. Perhaps, sildenofil also stimulates 
neoangiogenesis in the ischemized rat muscle. The evidence 
here is the results of LDF and the morphological analysis: on 
day 28 compensatory restoration occurred followed by the 
increase in regional blood flow to the ischemized muscles 
of the experimental animals caused by angiogenesis. Earlier 
we mentioned that Cerebrolysin inhibits enzymic activity of 
superoxide dismutase and catalase (antioxidative effect) and 
exhibits anti-apoptotic properties. Besides, the drug has an 
anti-inflammatory effect [22, 23]. Thus, Cerebrolysin facilitates 
sildenafil-induced stimulation of natural mechanisms of 
angiogenesis.

CONCLUSIONS

We have demonstrated high efficacy of a combination therapy 
with sildenafil and Cerebrolysin in rats with lower limb ischemia. 
Measured in perfusion units, perfusion in the ischemized 
muscles of experimental rats on day 28 was almost twice as 
high as in the control group. 
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